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PREFACE. 


To  supply  the  means  of  acquiring  a  competent  knowledge  of 
the  methods  and  results  of  the  physical  sciences,  without  any 
unusual  acquaintance  with  mathematics,  has  been  the  purpose 
of  the  Author  in  the  composition  of  this  series  of  treatises. 
The  methods  of  demonstration  and  illustration  have  been 
adopted  with  this  view.  It  is,  however,  neither  possible  nor 
desirable  invariably  to  exclude  the  use  of  matliematical 
symbols. 

Some  of  these,  expressing  mere  arithmetical  operations 
effected  upon  numbers,  are  easily  understood  by  all  persons  to 
whom  such  a  work  as  the  present  is  addressed,  and,  as  they 
express  in  many  cases  the  relations  of  quantities  and  the  laws 
wliich  govern  them  with  greater  brevity  and  clearness  than 
ordinary  language,  to  exclude  the  use  of  them  altogether  would 
be  to  deprive  the  reader  of  one  of  the  most  powerful  aids  to 
the  comprehension  of  the  laws  of  nature. 

Nevertheless  such  symbols  are  used  sparingly,  and  never 
withont  ample  explanation  of  their  signification.  The  prin- 
ciples of  the  sciences  are  in  the  main  developed  and  demon- 
strated in  ordinary  and  popular  language.  The  series  has 
been  compiled  with  the  view  of  affording  that  amount  of 
information  on  the  several  subjects  comprised  in  it  which  is  de- 
manded by  the  student  in  law  and  in  medicine,  by  the  engineer 
and  artisan,  by  the  superior  classes  in  schools,  and  by  those 
who  having  already  entered  on  the  active  business  of  life  are 
still  desirous  to  sustain  and  extend  their  knowledge  of  the 
general  truths  of  physics  and  of  those  laws  by  which  the  order 
and  stability  of  the  material  world  are  maintained. 
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It  18  well  known  that  many  students  who  enter  the  Uni- 
versities pass  through  them  without  acquiring  even  so  much 
as  a  superficial  knowledge  of  geometry  and  algebra.  To  all 
such  persons  mathematical  treatises  on  physics  and  astronomy 
must  be  sealed  books.  They  may,  however,  by  these  volumes 
acquire  with  great  facility  a  considerable  acquaintance  with 
these  sciences;  and  although  such  knowledge  be  not  in  all 
cases  based  on  rigorous  mathematical  demonstration,  it  is 
founded  on  reasoning  sufficiently  satisfactory  and  conclusive. 

Great  pains  have  been  taken  to  render  the  present  series 
complete  in  all  respects,  and  as  nearly  co-extensive  with  the 
actual  state  of  the  sciences  as  the  objects  to  which  it  is  directed 
admit.  Each  of  the  classes  of  readers  for  whose  more  especial 
use  it  is  designed  will  doubtless  find  in  it  something  which, 
for  their  purpose,  is  superfluous ;  but  it  must  be  considered  that 
the  parts  which  are  thus  superfluous  for  one  are  precisely 
those  which  are  most  essential  for  another.  It  is  hoped  that 
no  student  will  find  that  anything  important  for  his  objects  has 
been  omitted. 

The  rapid  succession  of  discoveries  by  which  astronomy  has 
of  late  years  been  extended  has  rendered  elementary  works  in 
that  science  previously  published  to  a  certain  extent  obsolete, 
while  the  increasing  taste  for  its  cultivation  and  the  multi- 
plication  of  private  observatories  and  amateur  observers,  have 
created  a  demand  for  treatises  upon  it  which,  without  being  less 
elementary  in  their  style,  shall  comprise  a  greater  amount  of 
that  vast  mass  of  knowledge  which  has  hitherto  been  shut  up 
in  the  transactions  of  learned  societies  and  other  forms  of 
publication  equally  inaccessible  to  the  student  and  aspirant. 

A  large  space  has  therefore  been  assigned  to  this  science  in 
the  present  series.  The  results  of  the  researches  of  original 
inquirers  and  of  the  labour  of  observers  have  been  carefully 
reviewed  and  large  selections  made  from  them  are  now  for  the 
first  time  presented  to  the  student  in  an  elementary  form.  In 
cases  where  the  subject  required  for  its  better  elucidation 
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graphic  illustrations,  and  where  such  representations  could  be 
obtained  from  original  and  authentic  sources,  they  have  been 
unsparingly  supplied. 

As  examples  of  this,  we  may  refer  among  the  planetary 
objects  to  the  beautiful  delineations  of  the  Moon  and  Mars  by 
MM.  Beer  and  Madler,  those  of  Jupiter  by  MM.  Madler  and 
Herschel,  and  those  of  Saturn  by  MM.  Dawes  and  Schmidt ; 
among  coroetary  objects  to  the  magnificent  drawings  of  Enck^'s 
comet  by  Struve,  and  those  of  Halley's  comet  by  MM.  Struve, 
Maclear,  and  Smith ;  and  among  stellar  objects  to  the  splendid 
selection  of  stellar  clusters  and  nebula  which  are  reproduced 
from  the  originals  of  the  £arl  of  Bosse  and  Sir  John  HerscheL 
In  fine,  among  the  illustrations  now  produced  for  the  first  time 
in  an  elementary  work,  the  remarkable  drawings  of  solar  spots 
by  Pastorfif  and  Capocci  ought  not  to  be  passed  without  notice. 
To  have  entered  into  the  detaib  of  the  business  of  the  ob- 
servatory, beyond  those  explanations  which  are  necessary  and 
sufficient  to  give  the  reader  a  general  notion  of  the  processes 
by  which  the  principal  astronomical  data  are  obtained,  would 
not   have  been  compatible   with  the  popular  character  and 
limited  dimensions  of  such  a  treatise  as  the  present. 

It  has,  nevertheless,  been  thought  advisable  to  append  io 
this  volume  a  short  notice  of  the  most  remarkable  instruments 
of  observation,  accompanied  by  well  executed  drawings  of  them, 
the  originals  for  some  of  which  have  been  either  supplied 
by  or  made  under  the  superintendence  of  the  eminent  astro- 
nomers under  whose  direction  the  instruments  are  placed. 

In  the  composition  of  this  part  of  the  series,  it  has  been  the 
good  fortune  of  the  author  to  detect  several  errors  of  considerable 
importance  which  have  been  hitherto  almost  universally  disse- 
minated in  elementary  works  and  under  the  authority  of  the  most 
eminent  names.  Several  examples  of  this  will  be  noticed  by  the 
reader,  among  which  we  may  refer  more  particularly  to  the 
Uranography  of  Saturn,  a  subject  which  has  been  hitherto  com- 
pletely misapprehended,  phenomena  being  described  as  mani- 
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fested  on  that  planet  which  are  demonstrably  impossible,*  The 
correction  of  other  errors  less  striking,  though  of  great  scientific 
importance,  will  be  found  in  the  chapter  on  Perturbations,  and 
in  other  parts  of  the  treatise. 

This  series  of  elementary  treatises  consists  of  three  courses, 
which  are  saleable  separately,  and  are  as  independent  each  of 
the  others  as  the  nature  of  the  subject  allows. 

The  first  course  consists  of  Mechanics  —  Hydrostatics  —  Hy- 
draulics—  Pneumatics  —  Sound  and  Optics;  the  second  of 
Heat  —  Common  Electricity  —  Magnetism  and  Voltaic  Elec- 
tricity ;  and  the  third  of  Meteorology  and  Astronomy. 

The  Index  which  is  given  in  the  present  volume,  and  which 
will  be  found  extremely  copious  and  useful  for  the  purposes 
of  general  reference,  is  intended  to  serve  in  common  for  all 
the  three  courses.  The  references  in  it  are  made  to  the 
numbers  of  the  paragraphs,  and  not  to  those  pf  the  pages,  and 
it  will  be  found  convenient  to  observe  that  the  first  paragraph 
of  the  second  course  is  1304,  and  that  of  the  third  2160.  The 
paragraphs  being  numbered  continuously  throughout  the  three 
courses,  it  has  not  been  necessary  in  the  Index  to  make  any 
reference  to  the  courses  or  volumes. 

It  will  be  found  that  this  Index,  combined  with  the  analyti- 
cal Table  of  Contents,  will  give  to  the  entire  series  all  the  use- 
fulness of  a  compendious  Encyclopa3dia  of  Natural  Philosophy 
and  Astronomy. 

*  See  a  Memoir,  by  the  Author,  on  the  Uranography  of  Saturn,  in 
Vol.  XXIL  of  the  Memoirs  of  the  Royal  Astronomical  Society,  London, 
Sept  1853. 
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CHAPTER  I. 

TERRESTRIAL  HEAT. 

2160.  Insufficiency  of  thermal  observations.  —  To  ascertain 
the  laws  which  r^ulate  the  distribution  of  heat  and  the  period- 
ical vicissitudes  of  temperature  on  and  below  the  surface  of 
the  earth  and  in  the  superior  strata  of  the  atmosphere,  is  a 
problem  of  which  the  complete  solution  would  require  a  col- 
lection of  exact  thermal  observations,  made  not  only  in  every 
part  of  the  earth,  but  for  a  long  series  of  years,  not  to  say  ages. 
Experimental  research  has  not  yet  supplied  such  data.  Observ- 
ations on  temperature  made  at  periods  even  so  recent  as  those 
within  which  physical  science  has  been  cultivated  with  more  or 
less  ardour  and  success,  were  in  general  scattered  and  uncon* 
nected,  and  marked  neither  by  system  nor  precision.  It  was 
only  since  the  commencement  of  the  present  century  that 
observations  on  terrestrial  heat  were  accumulated  in  sufficient 
quantity,  and  directed  with  the  skill  and  precision  indispensable 
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to  render  them  the  source  from  which  the  laws  of  temperature 
could  be  evolved.  The  experiments  and  observations  of  Hum- 
boldt, and  the  profound  theoretical  researches  of  Fourier  and 
Laplace,  supplied  at  once  the  nucleus  of  our  present  knowledge 
in  this  department  of  physics,  and  gave  an  impulse  to  enquiry, 
by  which  others  have  been  carried  forward  and  guided ;  so  that 
if  we  do  not  yet  possess  all  the  data  which  sufficiently  extended 
and  long-continued  observation  and  experiment  might  afford, 
enough  has  at  least  been  done  to  establish  with  certainty  some 
general  laws  which  prevail  in  the  physics  of  heat,  and  to  shadow 
forth  others  which  future  enquirers  will  confirm  or  modify. 

2161.  Local  variations  of  temperature,  —  The  superficial 
temperature  of  the  earth  varies  with  the  latitude,  gradually  de- 
creasing in  proceeding  from  the  equator  towards  the  poles. 

It  also  varies  with  the  elevation  of  the  point  of  observation, 
decreasing  in  proceeding  to  heights  above  the  level  of  the  sea, 
and  varying  according  to  certain  conditions  below  that  level, 
but  in  all  cases  increasing  gradually  for  all  depths  below  a  cer- 
tain stratum,  at  which  the  temperature  is  invariable. 

At  a  given  latitude  and  a  given  elevation  the  temperature 
varies  with  the  character  of  the  surface,  according  as  the  place 
of  observation  is  on  sea  or  land ;  and  if  on  land,  according  to  the 
nature,  productions,  or  condition  of  the  soil,  and  the  accidents 
of  the  surface,  such  as  its  inclination  or  aspect. 

2162.  Diurnal  thermometric  period,  —  At  a  given  place  the 
temperature  undergoes  two  principal  periodic  variations,  diurnal 
and  annual. 

The  temperature  falling  to  a  minimum  at  a  certain  moment 
near  sunrise,  augments  until  it  attains  a  maximum,  at  a  certain 
moment  after  the  sun  has  passed  the  meridian.  The  tempera- 
ture then  gradually  falls  until  it  returns  to  the  minimum  in 
the  morning. 

This  diurnal  thermometric  period  varies  with  the  latitude, 
the  elevation  of  the  place,  the  character  of  the  surface,  and  with 
a  great  variety  of  local  conditions,  which  not  only  affect  the 
hours  of  the  maximum,  minimum,  and  mean  temperatures,  but 
also  the  difference  between  the  maximum  and  minimum,  or  the 
extent  of  the  variation. 

2163.  Annual  thermometric  period,  —  The  annual  thermo- 
metric period  also  varies  with  the  latitude,  and  with  all  the 
other  conditions  that  affect  the  thermal  phenomena. 
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In  order  to  be  enabled  to  evolve  the  general  thermal  laws 
from  phenomena  so  complicated  and  shifting,  it  is  above  all 
things  necessary  to  define  and  ascertain  those  mean  conditions 
or  states,  round  which  the  thermometric  oscillations  take  place. 

2164.  The  mean  diurnal  temperature, — This  is  a  temperature 
80  taken  between  the  extremes,  that  all  those  temperatures 
which  are  superior  to  it  shall  exceed  it  by  exactly  as  much  as 
those  which  are  inferior  to  it  shall  fall  short  of  it 

To  render  this  more  clear,  let  us  suppose  that  the  temperature 
is  observed  every  second  in  twenty-four  hours.  This  would 
give  86,400  observed  temperatures.  Suppose,  that  of  these 
43,000  are  above,  and  43,400  below  the  mean  temperature. 
If,  then,  the  mean  temperature  be  subtracted  from  each  of  those 
above  it,  and  if  each  of  those  below  it  be  subtracted  from  it,  the 
sum  of  the  remainders  in  the  one  case  must  be  equal  to  the  sum 
of  the  remainders  in  the  other. 

This  is  equivalent  to  stating  that  the  mean  temperature,  mul- 
tiplied by  86,400,  will  give  the  same  result  as  would  be  obtained 
by  adding  together  all  the  86,400  observed  temperatures. 

But  the  thermometric  column  is  not  subject  to  such  rapid 
changes  as  to  show  any  observable  difference  of  elevation  from 
second  to  second,  nor  even  from  minute  to  minute.  If  its  height 
be  observed  every  hour,  the  mean  diurnal  temperature  will  be 
obtained  by  adding  together  the  twelve  horary  temperatures, 
and  dividing  their  sum  by  12.  But  even  this  is  not  neces^ 
sary,  and  the  same  result  is  more  easily  obtained,  either  by 
taking  the  sum  of  the  temperatures  at  sunrise,  at  2  r.  m.,  and  at 
sunset,  and  dividing  the  result  by  3,  or  more  simply  still  by 
adding  together  the  maximum  and  minimum  temperatures,  and 
taking  half  their  sum.  Whichever  of  these  methods  be  adopted, 
the  same  result  very  nearly  will  be  obtained. 

2165.  The  mean  temperature  of  the  month.  —  This  is  found 
by  dividing  the  sum  of  the  mean  diurnal  temperatures  by  the 
number  of  days. 

2166.  The  mean  temperature  of  the  year.  —  This  may  be 
found  by  dividing  the  sum  of  the  mean  monthly  temperatures 
by  12. 

2167.  Month  of  mean  temperature,  —  It  is  found  that  in 
each  climate  there  is  a  certain  month  of  which  the  mean  tem- 
perature is  identical  with  the  mean  temperature  of  the  year,  or 
yery  nearly  so.     This  circumstance,  when  the  month  is  known, 
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supplies  an  ea&y  method  of  observing  the  mean  temperature  of 
the  year. 

In  our  climate  this  month  is  October. 

2168.  The  temperature  of  the  place,  —  The  mean  annual 
temperature  being  observed  in  a  given  place  for  a  series  of 
years,  the  comparison  of  these  means,  one  with  another,  will 
show  whether  the  mean  annual  temperature  is  subject  to  varia- 
tion, and,  if  so,  whether  the  variation  is  periodic  or  progressive* 
All  observations  hitherto  made  and  recorded  tend  to  support  the 
conclusion,  that  the  variations  of  the  mean  annual  temperature 
are,  like  all  other  cosmical  phenomena,  periodic,  and  that  the 
oscillations  are  made  within  definite  limits  and  definite  inter- 
vals. There  exists,  therefore,  another  mean  temperature 
superior  to  the  annual,  and  which  is  called  the  temperature  of 
the  place.  This  is  obtained  by  adding  together  the  mean  an- 
nual temperatures  of  all  the  years  which  constitute  the  ther- 
mometric  period,  and  dividing  the  sum  thus  obtained  by  the 
number  of  years. 

But  even  though  the  period  of  the  variation  of  the  mean 
annual  temperature  be  not  known,  a  near  approximation  to  the 
mean  temperature  of  the  place  may  be  obtained  by  adding  toge- 
ther any  attainable  number  of  mean  annual  temperatures  and 
dividing  their  sum  by  their  number.  The  probable  accuracy  of 
the  result  will  be  greater,  the  less  the  difference  between  the 
temperatures  computed. 

Thus  it  was  found  by  a  comparison  of  thirty  mean  annual 
temperatures  at  Paris,  that  the  mean  was  51°*44,  and  that  the 
difference  between  the  greatest  and  least  of  the  mean  annual 
temperatures  was  only  5°*4.  It  may  therefore  be  assumed  that 
51°*44  does  not  differ  by  so  much  as  two-tenths  of  a  degree 
from  the  true  mean  temperature  of  that  place. 

Observation,  however,  has  been  hitherto  so  limited,  both  as 
to  extent  and  duration,  that  this  thermal  character  has  been 
determined  for  a  very  limited  number  of  places.  Indications, 
nevertheless,  have  been  obtained  sufficiently  clear  and  satisfac- 
tory to  enable  Humboldt  to  arrive  at  some  general  conclusions, 
which  we  shall  now  briefly  state. 

2169.  Isothermal  lines. — In  proceeding  successively  along 
the  same  meridian  from  the  equator  towards  the  pole,  the  mean 
temperature  decreases  generally,  but  not  regularly  nor  uni- 
formly.     At   some   points   it   even   happens   that  the  mean 
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temperature  augments,  instead  of  decreasing.  These  irregu- 
larities are  caused  partly  by  the  varying  character  of  the 
surface,  over  which  the  meridian  passes,  and  partly  by  the 
atmospheric  effects  produced  by  adjacent  regions,  and  a  multi** 
tude  of  other  causes,  local  and  accidental.  As  these  causes  of 
irregularity  in  the  rate  of  decrease  of  the  mean  temperature, 
proceeding  from  the  equator  to  the  poles,  are  different  upori 
different  meridians,  it  is  evident  that  the  points  of  the 
meridians  which  surround  the  globe,  at  which  the  mean 
temperatures  are  equal,  do  not  lie  upon  a  parallel  of  latitude, 
as  they  would  if  the  causes  which  affect  the  distribution  of 
heat  were  free  from  all  such  irregularities  and  accidental 
influences. 

If,  then,  a  series  of  points  be  taken  upon  all  the  meridians 
surrounding  the  globe,  having  the  same  mean  temperature,  the 
line  upon  which  such  points  are  placed  is  called  an  isothermal 
line. 

Each  isothermal  line  is  therefore  characterized  by  the  uni* 
form  mean  temperature,  which  prevails  upon  every  part  of  it. 

2170.  Isothermal  zones. — The  space  included  between  two 
isothermal  lines  of  given  temperatures  is  called  an  isothermal 
zone. 

The  northern  hemisphere  has  been  distributed  in  relation 
to  its  thermal  condition  into  six  zones,  limited  by  the  six 
isothermal  lines,  characterized  by  the  mean  temperatures,  86°, 
74%  m"",  59^,  5(y,  4r  and  32% 

2171.  The  first  thermal  or  torrid  zone. — This  zone  is  a 
space  surrounding  the  globe,  included  between  the  equator  and 
the  isothermal  line,  whose  temperature  is  74°. 

The  mean  temperature  of  the  terrestrial  equator  is  subject  to 
very  little  variation,  and  it  may  therefore  be  considered  as 
very  nearly  an  isothermal  line.  Its  mean  temperature  varies 
between  the  narrow  limits  of  81^°  and  82|% 

2172.  TherTual  eqtmtor, — If,  upon  each  meridian,  the  point 
of  greatest  mean  temperature  be  taken,  the  series  of  such 
points  will  follow  a  certain  course  round  the  globe,  which  has 
been  designated  as  the  thermal  equator.  This  line  departs 
from  the  terrestrial  equator,  to  the  extent  of  ten  or  twelve 
d^rees  on  the  north  and  about  eight  degrees  on  the  south  side, 
following  a  sinuous  and  irregular  course,  intersecting  the  ter- 
restrial equator  at  about  100°,  and  160°  east  longitude. — It 
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attains  its  greatest  distances  north  at  Jamaica,  and  at  a  point 
in  Central  Afnca,  having  a  latitude  of  16^,  and  east  longitude 
l(f  or  12^  The  greatest  mean  temperature  of  the  thermal 
equator  is  86®. 

The  isothermal  line  haying  the  temperature  of  74°  is  not 
very  sinuous  in  its  course,  and  does  not  much  depart  from  the 
tropics. 

2173.  The  second  thermal  zone.  —  This  zone,  which  is  in- 
cluded between  the  isothermal  parallels  characterized  by  the 
mean  temperatures  of  74^  and  6S°  is  much  more  sinuous,  and  in- 
cludes very  various  latitudes.  At  the  points  where  it  intersects 
the  meridians  of  Europe,  it  is  convex  towards  the  north,  and 
attains  its  greatest  latitude  in  Algeria. 

2174.  The  third  thermal  zone, — This  zone,  included  be- 
tween the  isothermal  parallels  which  have  the  mean  tempera- 
tures of  68°  and  59°,  passes  over  the  coasts  of  France  upon  the 
Mediterranean,  about  the  latitude  43°,  and  from  thence  bends 
southwards,  both  east  and  west,  on  the  east  towards  Nangasaki 
and  the  coasts  of  Japan,  and  on  the  west  to  Natchez  on  the 
Mississippi 

2175.  The  fourth  thermal  zone.  —  This  zone  is  ^included 
between  the  parallels  of  mean  temperatures  59°  and  50°.  It  is 
convex  to  the  north  in  Europe,  including  t!ie  chief  part  of 
France,  and  thence  falls  to  the  south  on  both  sides,  including 
Pekin  on  the  east,  and  Philadelphia,  New  York,  and  Cincinnati 
on  the  west.  It  is  evident  from  this  arrangement  of  the  fourth 
thermal  zone,  that  the  climate  of  Europe  is  warmer  than  that 
of  those  parts  of  the  eastern  and  western  continents  which  have 
the  same  latitude. 

2176.  Theffih  and  sixth  thermal  zones.  —  The  sixth  zone, 
included  between  the  mean  temperatures  of  50°  and  41°,  is  more 
sinuous,  and  includes  latitudes  more  various  even  than  the 
preceding.  The  thermometric  observations,  however,  which 
have  been  hitherto  made  in  these  regions,  are  too  limited  to 
supply  ground  for  any  general  inferences  respecting  it. 

2177.  The  polar  regions.  —  The  circle  whose  area  is  com- 
prised within  the  isotherm^  parallel  whose  mean  temperature 
is  32°,  is  still  less  known.  Nevertheless,  the  results  of  the  ob- 
servations made  by  arctic  voyagers  within  the  last  twenty  years, 
afford  ground  for  inferring  that  the  mean  temperature  of  the 
pole  itself  must  be  somewhere  from  13°  to  35°  below  the  zero 
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of  Fahrenheit,  or  45**  to  67®  below  the  temperature  of  melting 
ice. 

2178.  CUmafe  varies  on  the  same  isothermal  line,  — ^When  it 
is  considered  how  different  are  the  vegetable  productions  of 
places  situate  upon  the  same  isothermal  line,  it  will  be  evident 
that  other  thermal  conditions  besides  the  mean  temperature 
must  be  ascertained  before  the  climate  of  a  place  can  be  known. 
Thus  London,  New  York,  and  Pekin  are  nearly  on  the  same 
isothermal  line,  yet  their  climates  and  vegetable  productions 
are  extremely  different. 

2179.  Constanty  variable^  and  extreme  climates,  —  One  of 
the  circumstances  which  produce  the  most  marked  difference 
in  the  climates  of  places  having  the  same  mean  temperature  is 
the  difference  between  the  extreme  temperatures.  In  this 
respect  climates  are  classed  as  constant^  vai  (able,  and  extreme. 

Constant  climates  are  those  in  which  the  maximum  and 
minimum  monthly  temperatures  differ  but  little;  variable 
climates  are  those  in  which  the  difference  between  these  ex- 
tremes is  more  considerable,  and  extreme  climates  are  those 
in  which  this  difference  is  very  great. 

Constant  climates  are  sometimes  called  insular,  because  the 
effect  of  the  ocean  in  equalising  the  temperature  of  the  air  is 
such  as  to  give  this  chai-acter  to  the  climates  of  islands. 

2180.  Examples  of  the  classification  of  climates,  —  The  fol- 
lowing examples  will  illustrate  this  classification  of  climates :  — 


Ptoc«. 

tOTC. 

Lowett  mean 
Monthly  Tempcra- 

Diffinnot. 

Fanchal    -       - 

London     - 
Paris         -       - 
St.Malo    .       . 

Nev  York 
PektD         .       . 

o 
G9 

o 
76-56 

o 
62-96 

o 
12-60 

60-36 
61-08 
6414 

66M 
65-30 
64-40 

41-78 
86-14 
87-76 

25-20 
29-16 
26-64 

63-78 
63-86 

80-78 
84-38 

25-34 
24-62 

55-44 
49-76 

Funchal  offers  the  example  of  a  constant  or  insular  climate  ; 
liOndon,  Paris,  and  St,  Malo,  of  a  variable ;  and  New  York  and 
Pekin  of  an  extreme  climate. 
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2181.  Climatological  condiHo7is.  •— '  A  complete  analysis  of 
those  conditions  on  which  climate  depends,  requires  also  that 
the  epochs  of  the  extreme  temperature,  and,  in  a  word,  the 
general  distribution  of  heat  through  the  seasons  should  be 
stated.  For  this  purpose  we  should  have  an  exact  record,  not 
only  of  the  extreme  temperatures  and  the  mean  annual  and 
monthly  temperatures,  but  also  the  mean  diumaL  The  import- 
ance of  such  data  in  any  climatological  inquiries  will  be  per- 
ceived when  it  is  considered  that  a  few  degrees  difference  in 
ihe  lowest  temperature,  will  decide  the  question  of  the  possi- 
bility of  certain  vegetable  productions  continuing  to  live, 
and  the  difference  of  a  few  degrees  in  the  highest  temperature 
will  render  it  possible  or  not  for  certain  fruits  to  ripen. 

2182.  Table  of  Paris  temperatures.  —  The  following  table, 
published  by  M.  Arago,  shows  the  extremes  of  the  temperature 
of  the  air  in  Paris  for  more  than  a  century :  — 


OtcatMt  HeM. 

QnutA  Cold. 

Yw. 

Month. 

^SSST' 

Ymr, 

Month. 

^S^iu' 

1706 

August  8. 

o 
95-5 

1709 

Januarr  \X 

o 
-  9-6 

17S3 

Jul  J  7. 

96-1 

1716 

13. 

-  1-7 

17M 

.,14. 

95'0 

1754 

f»           8. 

+  6-6 

1755 

M  14. 

94-5 

1755 

8. 

+  3-9 

1793 

,.    8. 

1011 

1768 

8. 

+  12 

1793 

,.  16. 

99-1 

1776 

.,        29. 

-  2-4 

1800 

August  18. 

95-9 

1788 

December  30. 

-  2-4 

1802 

.,         8. 

97-5 

1788 

31. 

-  81 

1803 

.,        8. 

981 

1795 

Januanr  25. 
December  26. 

-10-3 

1808 

July  15. 

97-2 

1798 

+  0-3 

1818 

«    24. 

9... 

1H23 

Jaauary  14. 

+  5-9 

2183.  Extreme  temperature  in  torrid  zone. — The  highest 
temperature  of  the  air  which  has  been  observed  within  the 
torrid  zone  is  ISO*",  which  was  observed  by  MM.  Lyon  and 
Ritchie,  in  the  Oasis  of  Mourzouk.  This,  however,  is  an  ex- 
treme and  exceptional  case,  the  temperature,  even  in  this  zone, 
rarely  exceeding  120°. 

2184.  Extreme  temperature  in  polar  regions. — The  lowest 
temperatures  observed  by  arctic  voyagers  in  the  polar  regions 
range  from  40°  to  60°  below  zero  of  Fahrenheit,  which  is  from 
70°  to  90°  below  the  temperature  of  melting  ice.  Thus  it 
appears  that  the  air  at  the  surface  of  the  earth  ranges  between 
-60°  and  +120°,  the  extremes  differing  by  180°, 
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2185.  The  variation  of  temperature  depending  on  the  ele- 
vation of  the  observer  above  the  level  of  the  sea, — Innumerable 
phenomena  show  that  the  temperature  of  the  air  falls  as  the 
elevation  increases.  The  presence  of  eternal  snow  on  the  ele- 
vated parts  of  mountain  ranges,  in  every  part  of  the  globe,  not 
excepting  even  the  torrid  zone,  is  a  striking  evidence  of  this. 

Numerous  observations  have  been  made  on  the  slopes  of 
mountains,  and  by  means  of  balloons  and  kites,  to  ascertain  the 
law  according  to  which  the  temperature  falls  as  the  height 
increases.  Captain  Parry  raised  a  self-registering  thermometer 
to  the  height  of  about  400  feet,  by  means  of  a  kite,  at  Ingloolick, 
latitude  69°  2 K.  At  this  elevation  the  temperature  was  55*^ 
below  zero,  being  the  same  temperature  as  at  the  surface.  At 
the  equator  Humboldt  made  an  extensive  series  of  observations, 
the  general  results  of  which  are  as  follows  : — 


BeratioQ  in  Feet. 

Mesn  TempcTatnre. 

Difftrenoc.  . 

O 

O 

0 

81 

0 

S2V) 

71 

10 

6500 

65 

6 

9750 

58 

7 

13.000 

^\ 

'H 

I6,2oO 

It  appears  from  these  observations,  which  were  made  upon 
the  declivities  of  the  vast  mountain  ranges  which  traverse  the 
equatorial  regions,  that  the  decrease  of  temperature  is  neither 
uniform  nor  regular.  The  rate  of  decrease  is  least  between  the 
elevation  of  3000  and  6000  feet.  This  is  explained  by  the  fact, 
that  this  stratum  of  the  atmosphere  at  the  Line  is  the  habitual 
region  of  clouds.  It  is  there  that  the  vapours  ascending  from 
the  surface,  being  more  or  less  condensed,  absorb  a  large  por- 
tion of  the  solar  heat,  and  it  is  not  therefore  surprising  that  this 
stratum  should  be  cooled  in  a  less  degree  than  the  strata  con^ 
sisting  of  air  less  charged  with  vapour. 

The  observations  made  in  temperate  climates  give  results 
equally  irregular.  Gay-Lussac  found  ascending  in  a  balloon, 
that  the  thermometric  column  fell  one  degree  for  an  elevation 
of  about  320  feet  On  the  Alps  the  height  which  produces  a 
fall  of  one  degree  is  from  260  to  280  feet,  and  on  the  Pyrenees 
from  220  to  430  feet  It  may  therefore  be  assumed,  that  in  the 
tropical  regions  an  elevation  of  300  feet,  and  in  our  latitudes 
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from  300  to  330  feet,  corresponds  to  a  fall  of  one  degree  of 
temperature  on  an  average,  subject,  however,  to  considerable 
local  variation. 

2185.  Elevation  of  the  limit  of  perpetual  snow, — It  might 
appear  that  in  those  elevations  at  which  the  temperature  falls 
to  32%  water  cannot  exist  in  the  liquid  state,  and  we  might 
expect  that  above  this  limit  we  should  find  the  surface  invested 
with  perpetual  snow.  Observation  nevertheless  shows  such  an 
inference  to  be  erroneous.  Humboldt  in  the  equatorial  regions, 
and  M.  Leopold  de  Buch  in  Norway  and  Lapland,  have  shown 
that  the  snow-line  does  not  correspond  with  a  mean  temperature 
of  S2°  for  the  superficial  atmosphere,  but  that  on  the  contrary, 
within  the  tropics,  it  is  marked  by  a  mean  temperature  of  about 
35%  while  in  the  northern  regions,  in  latitudes  of  from  60^  to 
70°,  the  mean  temperature  is  26^°. 

2186.  Conditions  which  affect  it, — It  appears  that  the  snow- 
line is  determined  not  so  much  by  the  mean  annual  temperature 
of  the  air  as  by  the  temperature  of  the  hottest  month.  The 
higher  this  temperature  is,  the  more  elevated  will  be  the  limit  of 
perpetual  snow.  But  the  temperature  of  the  hottest  month 
depends  on  a  great  variety  of  local  conditions,  such  as  the 
cloudy  state  of  the  atmosphere,  the  nature  of  the  soil,  the 
inclination  and  aspect  of  the  surface,  the  prevailing  winds,  &c. 

2187.  Table  of  heights  of  snow-line  observed, —  In  the  fol- 
lowing table  are  collected  and  arranged,  the  results  of  the  most 
important  and  accurate  observations  on  the  snow-line. 


Otoerrcr. 

Ut. 

Plac*. 

Hd^ht 

M««n 

Tempcra- 

tura. 

o 

o 

Humboldt  • 

OtoIO 

Rucupichincha 

15,730 

34-7 

t» 

n 

Huaupicbincha 

„ 

,, 

„ 

Antisana 

•) 

^j 

Coraion 

^ 

*' 

jj 

Cotopaxi 

^, 

jj 

**         ^ 

Chimborazo  - 

Fentiand     - 

14  to  19 

Eastern  Cordillera*  of  Upp 
Western           ditto          di 

erPeru 

17.060 

„ 

tto 

16.830 

Humboldt  I 

19  to  20 

Oribaza 

15,020 

n            * 

„ 

Popocarepetl 

n 

^ 

Femmebianche 

^ 

„ 

Nevado  de  Toluca  - 

Webb         ! 

27  to  36 

Himalaja  (south  side) 

12,630 

„ 

♦» 

(north  Bide) 

16,400 

Engelhardt  and  Parrot 

42  to  43 

Caucasus 

10,560 

88-3 

Ramond      . 

m 

„ 

Pyrenees 

Alps  .... 
Carpathians  . 
PeakofSaletInd      - 

8950 

, 

Wahlenberg 

- 

45  to  46 

49 

8760 
85(Mr 

39-2 

Leopold  de  Buch 

61 

5540 

42-8 

u       ' 

" 

70 

Tfte  Storvans  Field 

8480 

41-0 
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2188.  Further  results  of  Humboldt* s  and  Pentlan^s  re- 
searches. — To  these  general  results  may  be  added  the  following 
observatioDS  of  M.  Humboldt* : — 

"  1.  The  snow-line  on  the  Andes  does  not  vary  more  than 
70  to  100  feet  in  its  elevation. 

**  The  plains  of  Antisana,  at  an  elevation  of  13,800  feet,  clothed 
with  a  rich  vegetation  of  aromatic  herb,  are  covered  with  a 
depth  of  three  or  four  feet  of  snow  for  five  or  six  weeks. 

"  In  Quito,  mean  temperature  48°,  snow  is  never  seen  below  the 
elevation  of  12,000  feet. 

"  Hail  falls  in  the  tropical  regions  at  elevations  of  from  2000 
to  3000  feet,  but  is  never  witnessed  on  the  lower  plateaux. 
It  falls  once  in  five  or  six  years. 

"  No  mountains  have  been  observed  in  tropical  Africa  which  rise 
to  the  snow-line. 

"2.  Pentland  found  that  from  14°  to  19°  lat.  S.  the  snow-line  is 
higher  than  upon  the  Line.  This  might  probably  be  explained 
by  the  nature  and  configuration  of  the  surface. 

"  3.  Between  the  Line  and  20°  lat.  N.  the  snow-line  falls  only 
700  feet  The  variation  of  the  height  of  the  snow-line  in- 
creases with  the  latitude. 

"  The  summit  of  Mowna  Roa  (Owhyhee),  Sandwich  Islands, 
whose  height  exceeds  16,000  feet,  is  sometimes  divested  of 
snow. 

"  4.  The  elevation  of  the  snow-line  on  the  southern  declivity  of 
the  Himalaya  agrees  with  observations  made  in  Mexico  ;  but 
the  northern  declivity  presents  a  singular  anomaly,  the  snow 
line  rising  to  16,000  feet,  a  greater  elevation  than  upon  the 
Line. 

"  5.  The  snow-line  on  the  Caucasus  is  higher  by  1300  feet 
than  on  the  Pyrenees,  which  are,  nevertheless,  in  the  same 
latitude. 

'^  6.  The  snow-'line  on  the  chain  of  mountains  which  extend  along 
Norway,  from  58°  to  70°  lat,  is  at  an  elevation  of  6000  feet. 
This  great  elevation  in  latitudes  so  high  is  probably  ex- 
plicable by  local  atmospheric  phenomena,  and  the  proximity 
of  the  sea." 

2189.  Thermal  phenomena  below  the  surface.  —  At  a  given 
place  the  surface  of  the  ground  undergoes  a  periodical  variation 
of  temperature,  attaining  a  certain  maximum  in  summer,  and  a 

♦  •*  Notice  on  the  Snow-liae,"  Ann,  de  Ch,  et  Phys,  torn.  xiv.  p.  1. 
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minimum  in  winter,  and  gradually,  but  not  regulai4y  or  uni- 
formly, augmenting  from  the  minimum  to  the  maximum,  and 
decreasing  from  the  maximum  to  the  minimum. 

The  question  then  arises  as  to  whether  this  periodic  variation 
of  temperature  is  propagated  downwards  through  the  crust  of 
the  earth,  and  if  so,  whether  in  its  descent  it  undergoes  any  and 
what  modifications  ? 

To  explain  the  phenomena  which  have  been  ascertained  by 
observation,  let  us  express  the  mean  temperature  by  m,  and  let 
the  maximum  and  minimum  temperatures  be  t  and  t. 

If  we  penetrate  to  depths  more  or  less  considerable,  we  shall 
find  that  the  mean  temperature  m  of  the  strata  will  be  very 
nearly  the  same  as  at  the  surface.  The  extreme  temperatures 
T  and  t,  will,  however,  undergo  a  considerable  change,  x  de- 
creasing, and  t  increasing.  Thus  the  extremes  gradually  ap- 
proach each  other  as  the  depth  increases,  the  mean  m  remain- 
ing nearly  unaltered. 

2190.  Stratum  of  invariable  temperature.  —  A  certain  depth 
will  therefore  be  attained  at  length,  when  the  maximum  tem* 
perature  t,  by  its  continual  decrease,  and  the  minimum  tempera- 
ture ty  by  its  continual  increase,  will  become  respectively  equal 
to  the  mean  temperature  m.  At  this  depth,  therefore,  the 
periodical  variations  at  the  surface  disappear;  and  the  mean 
temperature  m  is  maintained  permanently  without  the  least 
change. 

This  mean  temperature,  however,  though  nearly  is  not  pre- 
cisely equal  to  the  mean  temperature  at  the  surface.  In  de- 
scending M  undergoes  a  slight  increase,  and  at  the  depth  where 
T  and  t  become  equal  to  m,  and  the  variation  disappears,  the 
mean  temperature  is  a  little  higher  than  the  mean  tempera- 
ture of  the  surface. 

2191.  Its  depth  varies  with  the  latitude.  —  The  depth  at 
which  the  superficial  vicissitudes  of  temperature  disappear 
varies  with  the  latitude,  with  the  nature  of  the  surface,  and 
other  circumstances.  In  our  climates  it  varies  from  80  to  100 
feet.  It  diminishes  in  proceeding  towards  the  equator,  and  in- 
creases towards  the  pole.  The  excess  of  the  permanent  tempe- 
rature at  this  depth  above  the  mean  temperature  at  the  surface, 
increases  with  the  latitude. 

2192.  Its  depth  and  temperature  at  Paris.  —  The  same  ther- 
mometer which  has  been  kept  for  sixty  years  in  the  vaults  of 
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the  Observatory  at  Paris,  at  the  depth  of  eighty-eight  feet  be- 
low the  surface,  has  shown,  during  that  interval,  the  tempera- 
ture of  lP-82  Cent.,  which  is  equal  to  53^°  Fahr.,  without 
varying  more  than  half  a  degree  of  Fahr.,  and  even  this  varia- 
tion, small  as  it  is,  *has  been  explained  by  the  effects  of  currents 
of  air  produced  by  the  quarrying  operations  in  the  neighbour- 
hood of  the  Observatory. 

2193.  Its  form,  —  We  must  therefore  infer,  that  within  the 
surface  of  the  earth  there  exists  a  stratum  of  which  the  tempe- 
rature is  invariable,  and  so  placed  that  all  strata  superior  to  it 
are  more  or  less  affected  by  the  thermal  vicissitudes  of  the 
surface,  more  so  the  nearer  they  are  to  the  surface,  and  that 
this  stratum  of  invariable  temperature  has  an  irregular  form, 
approaching  nearer  to  the  surface  at  some  places,  and  receding 
further  from  it  at  others,  the  nature  and  chamcter  of  the  sur- 
face, mountains,  valleys,  and  plains,  seas,  lakes,  and  rivers,  the 
greater  or  less  distance  from  the  equator  or  poles,  and  a 
thousand  other  circumstances,  imparting  to  it  variations  of  form, 
which  it  will  require  observations  and  experiments  much  more 
long  continued  and  extensive  than  have  hitherto  been  made^  to 
render  manifest. 

2194.  Thermal  phenomena  between  the  surface  and  the 
stratum  of  invariable  temperature,  —  The  thermometric  obser- 
vations on  the  periodical  changes  which  take  place  above  the 
stratum  of  invariable  temperature  are  not  so  numerous  as 
could  be  desired :  nevertheless,  the  following  general  conditions 
have  been  ascertained,  especially  in  the  middle  latitudes  of  the 
northern  hemisphere : — 

1.  The  diurnal  variations  of  temperature  are  not  sensible  to 
a  greater  depth  than  3^  feet. 

2.  The  difference  t  —  ^  between  the  extreme  temperatures 
of  the  strata  decreases  in  geometrical  progression  for  depths 
measured  in  arithmetical  progression,  or  nearly  so. 

3.  At  the  depth  of  25  feet,  t  —  /  =  2°.  At  50  feet  t  —  t 
=  0-2 ;  and  at  60  to  80 feet,  t  -  ^  =  0*'02. 

4.  Since  the  effects  of  the  superficial  variation  must  require 
a  certain  time  to  penetrate  the  strata,  it  is  evident  that  the 
epoch  at  which  each  stratum  attains  its  maximum  and  mini- 
mum temperatures  will  be  different  from  those  at  which  the 
other  strata  and  the  surface  attain  them.  The  lower  the 
strata  the  greater  will  be  the  difference  between  the  times  of 
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attaining  those  limits^  as  compared  with  the  surface.  Thud,  it 
is  found,  that  at  the  depth  of  twenty-five  feet  the  maximum  is 
not  attained  until  the  surface  has  attained  its  minimum.  The 
seasons,  therefore,  at  this  depth  are  reversed,  the  temperature 
of  July  being  manifested  in  January,  and  vice  versa. 

2195.  Thermal  phenomena  below  the  stratum  of  uniform 
temperature,  —  The  same  uniformity  of  temperature  which 
prevails  in  the  invariable  stratum  is  also  observed  at  all  greater 
depths  ;  but  the  temperature  increases  with  the  depth.  Thus, 
each  successive  stratum,  in  descending,  has  a  characteristic 
temperature,  which  never  changes.  The  rate  at  which  this 
temperature  augments  with  the  depth  below  the  invariable 
stratum  is  extremely  different  in  different  localities.  In  some 
there  is  an  increase  of  one  degree  for  every  thirty  feet,  while  in 
others  the  same  increase  corresponds  to  a  depth  of  100  feet. 
It  may  be  assumed,  in  general^  that  an  increase  of  one  degree  of 
temperature  will  take  place  for  every  fifty  or  sixty  feet  of  depth. 

2196.  Temperature  of  springs,  —  The  permanency  of  the 
temperatures  of  the  inferior  strata  is  rendered  manifest  by  the 
uniformity  of  the  temperature  of  springs,  of  which  the  water 
rises  from  any  considerable  depths.  At  all  seasons  of  the  year 
the  water  of  such  springs  maintains  the  same  uniform  tempera- 
ture. 

It  may  be  assumed  that  the  temperature  of  the  water  pro- 
ceeding from  such  springs  is  that  of  the  strata  from  which  they 
rise.  In  these  latitudes  it  is  found  in  general  to  be  a  little 
above  the  mean  temperature  of  the  air  for  ordinary  springs, 
that  is  from  those  which  probably  rise  from  strata  not  below 
the  invariable  stratum.  In  higher  latitudes  the  excess  of  tem- 
perature is  greater,  a  fact  which  is  in  accordance  with  what  has 
been  already  explained. 

It  has  not  been  certainly  ascertained  whether  the  hot  springs, 
some  of  which  rise  to  a  temperature  little  less  than  that  of 
boiling  water,  derive  their  heat  from  the  great  depth  of  the 
strata  from  which  they  rise,  or  from  local  conditions  affecting 
the  strata.  The  uniformity  of  the  temperature  of  many  of 
them  appears  to  favour  the  former  hypothesis ;  but  it  must  not 
be  forgotten  that  other  geological  conditions  besides  mere  depth 
may  operate  with  the  same  permanency  and  regularity. 

2197.  Thermal  conditions  of  seas  and  lakes,  —  The  ano- 
malous quality  manifested  in  the  dilatation  of  water  when  its 
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temperature  falls  below  38^*8  Fahr.  (1396),  and  its  consequent 
maximum  density  at  that  temperature,  is  attended  with  most 
remarkable  and  important  consequences  in  the  phenomena  of 
the  waters  of  the  globe,  and  in  the  economy  of  the  tribes  of 
organised  creatures  which  inhabit  them.  It  is  easy  to  show 
that,  but  for  this  provision,  exceptional  and  anomalous  as  it 
seems,  disturbances  would  take  place,  and  changes  ensue,  which 
would  be  attended  with  effects  of  the  most  injurious  descrip- 
tion in  the  economy  of  nature. 

If  a  large  collection  of  water,  such  as  an  ocean,  a  sea,  or  a 
lake,  be  exposed  to  continued  cold,  so  that  its  superficial  stra- 
tum shall  haye  its  temperature  constantly  reduced,  the  follow- 
ing effects  will  be  manifested. 

The  superficial  stratum  falling  in  temperature,  will  become 
heavier,  volume  for  volume,  than  the  strata  below  it,  and  will 
therefore  sink,  the  inferior  strata  rising  and  taking  its  place. 
These  in  their  turn  being  cooled  will  sink,  and  in  this  manner 
a  continual  system  of  downward  and  upward  currents  will  be 
maintained,  by  means  of  which  the  temperature  of  the  entire 
mass  of  liquid  will  be  continually  equalized  and  rendered 
uniform  from  the  surface  to  the  bottom.  This  will  continue  so 
long  as  the  superficial  stratum  is  rendered  heavier,  volume  for 
volume,  than  those  below  it,  by  being  lowered  in  temperature. 
But  the  superficial  stratum,  and  all  the  inferior  strata,  will  at 
length  be  reduced  to  the  uniform  temperature  of  38*'*8.  After 
this  the  system  of  currents  upwards  and  downwards  will  cease. 
The  several  strata  will  assume  a  state  of  repose.  When  the 
superficial  stratum  is  reduced  to  a  temperature  lower  than 
38^-8  (which  is  that  of  the  maximum  density  of  water),  it  will 
become  lighter,  volume  for  volume,  instead  of  being  heavier  than 
the  inferior  strata.  It  will  therefore  float  upon  them.  The 
stratum  immediately  below  it,  and  in  contact  with  it,  will  be 
reduced  in  temperature,  but  in  a  less  degree ;  and  in  like  man- 
ner a  succession  of  strata,  one  below  the  other,  to  a  certain 
depth,  will  be  lowered  in  temperature  by  the  cold  of  those 
above  them,  but  each  stratum  being  lighter  than  those  below, 
will  remain  at  rest,  and  no  interchange  by  currents  will  take 
place  between  stratum  and  stratum.  If  water  were  a  good 
conductor  of  heat,  the  cooling  effect  of  the  surface  would  extend 
downwards  to  a  considerable  depth.    But  water  being,  on  the 
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contrary,  an  extremely  imperfect  conductor,  the  effect  of  the 
superficial  temperature  will  extend  only  to  a  very  limited 
depth ;  and  at  and  below  that  limit,  the  uniform  temperature  of 
38°-8,  that  of  the  greatest  density,  will  be  maintained. 

This  state  of  repose  will  continue  until  the  superficial  stratum 
falls  to  32^*,  after  which  it  will  be  congealed.  When  its 
surface  is  solidified,  if  it  be  still  exposed  to  a  cold  lower  than 
32°,  the  temperature  of  the  surface  of  the  ice  will  continue  to 
fall,  and  this  reduced  temperature  will  be  propagated  down- 
ward, diminishing,  however,  in  degree,  so  as  to  reduce  the 
temperature  of  the  stratum  on  which  the  ice  rests  to  32°,  and 
therefore  to  continue  the  process  of  congelation,  and  to  thicken 
the  ice. 

If  ice  were  a  good  conductor  of  heat,  this  downward  process 
of  congelation  would  be  continued  indefinitely,  and  it  would 
not  be  impossible  that  the  entire  mass  of  water  from  the  surface 
to  the  bottom,  whatever  be  the  depth,  might  be  solidified.  Ice, 
however,  is  nearly  as  bad  a  conductor  of  heat  as  water,  so  that 
the  superficial  temperature  can  be  propagated  only  to  a  very 
inconsiderable  depth,  and  it  is  found  accordingly,  that  the 
crust  of  ice  formed  even  on  the  surface  of  the  polar  seas,  does 
not  exceed  the  average  thickness  of  twenty  feet. 
.  2198.  Thermal  condition  of  a  frozen  sea.  —  The  thermal 
condition,  therefore,  of  a  frozen  sea,  is  a  state  of  molecular 
repose,  as  absolute  as  if  the  whole  mass  of  liquid  were  solid. 
The  temperature  at  the  surface  of  the  ice  being  below  the 
freezing  point,  increases  in  descending  until  it  rises  to  the 
freezing  point,  at  the  stratum  where  the  ice  ceases,  and  the 
liquid  water  commences.  Below  this  the  temperature  still 
'  augments  until  it  reaches  38°*8,  the  temperature  of  maximum 
density  of  water,  and  this  temperature*  is  continued  uniform  to 
the  bottom. 

2199.  Process  of  thawing,  — Let  us  now  consider  what 
effects  will  be  produced,  if  the  superficial  strata  be  exposed  to 
an  increase  of  temperature.  After  the  fusion  of  the  ice,  the 
temperature  of  the  surface  will  gradually  rise  from  32°  to  38°*8, 
the  temperature  of  greatest  density.  When  the  superficial 
stratum  rises  above  32°,  it  will  become  heavier  than  the 
stratum  under  it,  and  an  interchange  by  currents,  and  a  con- 

*  For  sea  water  the  freezing  point  is  28J°. 
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sequent  equalization  of  temperature,  will  take  place,  and  this 
will  continue  until  the  superficial  stratum  attain  the  tempera- 
ture of  38^'8,  when  the  temperature  of  the  whole  mass  of 
water  from  the  surface  to  the  bottom  will  become  uniform. 

After  this  a  further  elevation  of  the  temperature  of  the 
superficial  stratum  will  render  it  lighter  than  those  below  it, 
and  no  currents  will  be  produced,  the  liquid  remaining  at  rest ; 
and  this  state  of  repose  will  continue  so  long  as  the  temperature 
continues  to  rise. 

Everj  fall  of  the  superficial  temperature,  so  long  as  it  con- 
tinues above  SS^^'S,  will  be  attended  with  an  interchange  of  cur- 
rents between  the  superficial  and  those  inferior  strata  whose 
temperature  is  above  38***8,  and  a  consequent  equalization  of 
temperature. 

2200.  Depth  of  stratum  of  constant  temperature  in  oceans 
and  seas. — It  appears,  therefore,  to  result  as  a  necessary  conse* 
quence  from  what  has  been  explained,  and  this  inference  is 
fuUj  confirmed  by  experiment  and  observations,  that  there 
exists  in  oceans,  seas,  and  other  large  and  deep  collections  of 
water,  a  certain  stratum,  which  retains  permanently,  and 
without  the  slightest  variation,  the  temperature  of  38°-8,  which 
characterizes  the  state  of  greatest  density,  and  that  all  the 
inferior  strata  equally  share  this  temperature.  At  the  lower 
latitudes,  the  superior  strata  have  a  higher,  at  the  higher 
latitudes  a  lower  temperature,  and  at  a  certain  mean  latitude 
the  stratum  of  invariable  temperature  coincides  with  the 
surface. 

In  accordance  with  this,  it  has  been  found  by  observation 
that  in  the  torrid  zone,  where  the  superficial  temperature  of  the 
sea  is  about  83®,  the  temperature  decreases  with  the  depth  until 
we  attain  the  stratum  of  invariable  temperature,  the  depth  of 
which,  upon  the  Line,  is  estimated  at  about  7000  feet.  The 
depth  of  this  stratum  gradually  diminishes  as  the  latitude 
increases,  and  the  limit  at  which  it  coincides  with  the  sijrface 
is  somewhere  between  SS"^  and  60°.  Above  this  the  tem- 
perature of  the  sea  increases  as  the  depth  of  the  stratum 
increases,  until  we  sink  to  the  stratum  of  invariable  tem- 
perature, the  depth  of  which  at  the  highest  latitudes  (at  which 
observations  have  been  made)  is  estimated  at  about  4500  feet. 

220  L  Effect  of  superficial  agitation  of  the  sea  extends  to 
only  a  small  depth.^^lt  might  be  imagined  that  the  tempera- 
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ture  of  the  surface  would  be  propagated  downwards,  and  that 
a  thermal  equalization  might  therefore  be  produced  by  the 
intermixture  of  the  superior  with  the  inferior  strata,  arising 
from  the  agitation  of  the  surface  of  the  waters  by  atmospheric 
commotions.  It  is  found,  however,  that  these  effects,  even  in 
the  case  of  the  most  violent  storms  and  hurricanes,  extend  to 
no  great  depth,  and  that  while  the  surface  of  the  ocean  is  fur- 
rowed by  waves  of  the  greatest  height  and  extent,  the  inferior 
strata  are  in  the  most  absolute  repose. 

2202.  Destructive  effects  which  would  be  produced  if  water 
had  not  a  point  of  maximum  density  above  its  point  of  congela- 
Hon,  — If  water  followed  the  general  law,  in  virtue  of  which  all 
bodies  become  more  dense  as  their  temperature  is  lowered,  a 
continued  frost  might  congeal  the  ocean  from  its  surface  to  the 
bottom,  and  certainly  would  do  so  in  the  polar  regions ;  for  in 
that  case  the  system  of  vertical  currents,  passing  upwards  and 
downwards  and  producing  an  equalization  of  temperature, 
which  has  been  shown  to  prevail  above  SS^'S,  would  equally 
prevail  below  that  point,  and  consequently  the  same  equalization 
of  temperature  would  be  continued,  until  the  entire  mass  of 
water,  from  the  surface  to  the  bottom,  would  be  reduced  to  the 
point  of  congelation^  and  would  consequently  be  converted  into 
a  solid  mass,  all  the  organized  tribes  inhabiting  the  waters 
being  destroyed. 

The  existence  of  a  temperature  of  maximum  density  at  a 
point  of  the  thermometric  scale  above  the  point  of  congelation 
of  water,  combined  with  the  very  feeble  conducting  power 
of  water,  whether  in  the  liquid  or  solid  state,  renders  such  a 
catastrophe  impossible. 

2203.  Variations  of  the  temperature  of  the  air  at  sea  and  on 
land, — The  air  is  subject  to  less  extreme  changes  of  temperature 
at  sea  than  on  land.  Thus,  in  the  torrid  zone,  while  the  tem- 
perature on  land  suffers  a  diurnal  variation  amounting  to  10°, 
the  extreme  diurnal  variation  at  sea  does  not  exceed  3^°.  In 
the  temperate  zone  the  diurnal  variation  at  sea  is  limited  gene- 
rally to  about  5^°,  while  on  continents  it  is  very  various  and 
everywhere  considerable.  In  different  parts  of  Europe  it 
varies  from  20**  to  25°.  • 

At  sea  as  on  land  the  time  of  lowest  temperature  is  that  of 
sunrise,  but  the  time  of  greatest  heat  is  about  noon,  while  on 
land  it  is  at  two  or  three  hours  after  noon. 
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On  comparing  the  temperature  of  the  air  at  sea  with  the 
superficial  temperature  of  the  water,  it  has  been  found  that 
between  the  tropics  the  air,  when  at  its  highest  temperature,  is 
warmer  than  the  water,  but  that  its  mean  diurnal  temperature 
Is  lower  'than  that  of  the  water. 

In  latitudes  between  2o°  and  60®  the  temperature  of  the  air 
is  very  rarely  higher  than  that  of  the  water,  and  in  the  polar 
regions  the  air  is  never  found  as  warm  as  the  surface  of  the 
water.  It  is,  on  the  contrary,  in  general  at  a  very  much  lower 
temperature. 

2204.  Interchange  of  equatorial  and  polar  waters. —  Much 
uncertainty  prevaih  as  to  the  thermal  phenomena  manifested  in 
the  vast  collections  of  water  which  cover  the  greater  part  of 
the  surface  of  the  globe.  It  appears,  however,  to  be  admitted 
that  the  currents  caused  by  the  difference  of  the  pressures  of 
strata  at  the  same  level  in  the  polar  and  equatorial  seas,  pro- 
duce an  interchange  of  waters,  which  contributes  in  a  great 
degree  to  moderate  the  extreme  thermal  effects  of  these  regions, 
the  current  from  the  pole  reducing  the  temperature  of  the 
equatorial  waters,  and  that  from  the  line  raising  the  tempera- 
ture  of  the  polar  waters  and  contributing  to  the  fusion  of  the 
ice.  A  superficial  current  directed  from  the  line  towards  the 
poles  carries  to  the  colder  regions  the  heated  waters  of  the 
tropics,  while  a  counter  current  in  the  inferior  strata  carries 
from  the  poles  towards  the  line  the  colder  waters.  Although 
the  prevalence  of  these  currents  may  be  regarded  as  established, 
they  are  nevertheless  modified,  both  in  their  intensity  and  di- 
rection, by  a  multitude  of  causes  connected  with  the  depth  and 
form  of  the  bottom,  and  the  local  influence  of  winds  and  tides. 

2205.  Polar  ice. —  The  stupendous  mass  of  water  in  the  solid 
state  which  forms  an  eternal  crust  encasing  the  regions  of  the 
globe  immediately  around  the  poles,  presents  one  of  the  grandest 
and  most  imposing  classes  of  natural  phenomena.  The  observa- 
tions and  researches  of  Captain  Scoresby  have  supplied  a  great 
mass  of  valuable  information  in  this  department  of  physical 
geography. 

2206.  Extent  and  character  of  the  icefields, — Upon  the  coasts 
of  Spitzbergen  and  Greenland  vast  fields  of  ice  are  found,  the 
extent  of  which  amounts  to  not  less  than  twelve  to  fifteen  hun- 
dred square  miles,  the  thickness  varying  from  twenty  to  twenty- 
five  feet.    The  surface  is  sometimes  so  even  that  a  sledge  can 
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run  without  difficulty  for  an  hundred  miles  in  the  same  direc- 
tion. It  is,  however,  in  some  places,  on  the  contrary,  as  uneven 
as  the  surface  of  land,  the  masses  of  ice  collecting  in  columns 
and  eminences  of  a  variety  of  forms,  rising  to  heights  of  from 
twenty  to  thirty  feet,  and  presenting  the  most  striking  and  pic- 
turesque appearances.  These  prodigious  crystals  sometimes 
exhibit  gorgeous  tints  of  greenish  blue,  resembling  the  topaz, 
and  sometimes  this  is  varied  by  a  thick  covering  of  snow  upon 
their  summits,  which  are  marked  by  an  endless  variety  of  form 
and  outline. 

2207.  Production  of  icebergs  by  their  fracture,  —  These 
vast  ice  fields  are  sometimes  suddenly  broken,  by  the  pressure 
of  the  subjacent  waters,  into  fragments  presenting  a  surface  of 
from  100  to  200  square  yards.  These  being  dispersed,  are 
carried  in  various  directions  by  currents,  and  sometimes  by  the 
effect  of  intersecting  currents  they  are  brought  into  collision 
with  a  fearful  crash.  A  ship,  which  might  chance  in  such  a 
case  to  be  found  between  them  could  no  more  resist  their  force 
than  could  a  glass  vessel  the  effect  of  a  cannon  ball.  Terrible 
disasters  occur  from  time  to  time  from  this  cause.  It  is  by  the 
effects  of  these  currents  upon  the  floating  masses  of  broken  ice 
that  these  seas  are  opened  to  the  polar  navigators.  It  is  thus 
that  whalers  are  enabled  to  reach  the  parallels  from  70®  to  80°, 
which  are  the  favourite  resort  of  those  monsters  of  the  deep 
which  they  pursue. 

2208.  TJieir  formSy  and  magnitude,  —  Sometimes  after  such 
collisions  new  icebergs  arise  from  the  fragments  which  are 
heaped  one  upon  another,  "  Pelion  on  Ossa,*'  more  stupendous 
still  than  those  which  have  been  broken.  In  such  cases  the 
masses  which  result  assume  forms  infinitely  various,  rising 
often  to  an  elevation  of  thirty  to  fifty  feet  above  the  surface  of 
the  water ;  and  since  the  weight  of  ice  is  about  four-fifths  of 
the  weight  of  its  own  bulk  of  water  (787),  it  follows  that  the 
magnitude  of  these  masses  submerged  is  four  times  as  great  as 
that  which  is  above  the  surface.  The  total  height  of  these 
floating  icebergs,  therefore,  including  the  part  submerged,  must 
be  from  1 50  to  250  feet. 

2209.  Sunken  icebergs,  —  It  happens  sometimes  that  two 
such  icebergs  resting  on  the  extremities  of  a  fragment  of  ice 
100  or  120  feet  in  length,  keep  it  sunk  at  a  certain  depth 
below  the  surface  of  the  water,    A  vessel  in  such  cases  may 
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sail  between  fbe  icebergs  and  over  the  sunken  ice ;  but  such  a 
course  is  attended  with  the  greatest  danger,  for  if  anj  acci<« 
dental  cause  should  detach  either  of  the  icebergs  which  keep 
down  the  intermediate  mass  while  the  ship  is  passing,  the  latter 
bj  its  buoyancy  will  rise  above  the  surface,  and  will  throw  up 
the  ship  with  irresistible  force. 

2210.  Singular  effects  of  their  superficial  fusion^  — Icebergs 
are  observed  in  Baffin's  Bay  of  much  greater  magnitude  than 
off  the  coast  of  Greenland.  They  rise  there  frequently  to  the 
height  of  100  to  130  feet  above  the  surface,  and  their  total 
height,  including  the  part  immersed,  must  therefore  amount  to 
500  or  650  feet.  These  masses  appear  generally  of  a  beautiful 
blue  colour,  and  having  all  the  transparency  of  crystals. 
During  the  summer  months,  when  the  sun  in  these  high  lati- 
tudes never  sets,  a  superficial  fusion  is  produced,  which  causes 
immense  cascades,  which,  descending  from  their  summit  and 
increasing  in  yolnme  as  they  descend,  are  precipitated  into  the 
sea  in  parabolic  curves.  Sometimes,  on  the  approach  of  the 
cold  season,  these  liquid  arches  are  seized  and  solidified  by  the 
intensity  of  the  cold  without  losing  their  form,  and  seem  as  if 
caught  in  their  flight  between  the  brink  from  which  they  were 
projected  and  the  surface,  and  suddenly  congealed.  These 
stupendous  arches,  however,  do  not  always  possess  cohesion  in 
proportion  to  their  weight,  and  after  augmenting  in  volume  to 
a  certain  limit,  sink  under  their  weight,  and,  breaking  with  a 
terrific  crash,  fall  into  the  sea, 

2211.  Depth  of  polar  seas, — The  depth  of  the  seas  off  the 
coast  of  Grreenland  is  not  considerable.  Whales,  being  har- 
pooned, often  plunge  in  their  agony  to  the  bottom,  carrying 
with  them  the  harpoon  and  line  attached  to  it.  When  they 
float  they  bear  upon  their  bodies  evidence  of  having  reached 
the  bottom  by  the  impression  they  retain  of  it,  and  the  length 
of  line  they  carry  with  them  in  such  cases  shows  that  depth 
does  not  exceed  3000  or  4000  feet.  About  the  middle  of  the 
space  between  Spitzbergen  and  Greenland  the  soundings  have 
reached  8000  feet  without  finding  bottom. 

2212.  Cold  of  the  polar  regions,  —  The  degree  of  cold  of 
the  polar  regions,  like  the  temperature  of  all  other  parts  of  the 
globe,  depends  on  the  extent  and  depth  of  the  seas.  If  there 
be  extensive  tracts  of  surface  not  covered  by  water,  or  covered 
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onlj  by  a  small  deptb,  the  influence  of  the  water  in  moderating 
and  equalizing  the  temperature  is  greatly  diminished.  Hence 
it  is  that  the  temperature  of  the  south  polar  regions  is  more 
moderate  than  that  of  the  north.  After  passing  the  latitude  of 
the  New  Orcades  and  the  New  Shetlands,  which  form  a  barrier 
of  ice,  the  navigator  enters  an  open  sea,  which,  according  to  all 
appearance,  extends  to  the  pole.  Much,  however,  still  remains 
to  be  discovered  respecting  the  physical  condition  of  these 
regions. 

2213.  Solar  and  celestial  heat  —  Whatever  may  be  the 
sources  of  internal  heat,  the  globe  of  the  earth  would,  after  a 
certain  time,  be  reduced  to  a  state  of  absolute  cold,  if  it  did  not 
receive  from  external  sources  the  quantity  of  heat  necessary  to 
repair  its  losses.  If  the  globe  were  suspended  in  space,  all  other 
bodies  from  which  heat  could  be  supplied  to  it  being  removed, 
the  heat  which  now  pervades  the  earth  and  its  surrounding 
atmosphere  would  be  necessarily  dissipated  by  radiation,  and 
would  thus  escape  into  the  infinite  depths  of  space.  The  tem- 
perature of  the  atmosphere,  and  those  of  the  successive  strata, 
extending  from  the  surface  to  the  centre  of  the  globe,  would 
thus  be  continually  and  indefinitely  diminished. 

As  no  such  fall  of  temperature  takes  place,  and  as,  on  the 
contrary,  the  mean  temperature  of  the  globe  is  maintained  at 
an  invariable  standard,  the  variations  incidental  to  season  and 
climate  being  all  periodical,  and  producing  in  their  ultimate  re- 
sult a  mutual  compensation,  it  remains  to  be  shown  from  what 
sources  the  heat  is  derived  which  maintains  the  mean  tempera* 
ture  of  the  globe  at  this  invariable  standard,  notwithstanding 
the  large  amount  of  heat  which  it  loses  by  radiation  into  the 
surrounding  space. 

All  the  bodies  of  the  material  universe,  which  are  distributed 
in  countless  numbers  throughout  the  infinitude  of  space,  are 
sources  of  heat,  and  centres  from  which  that  physical  agent  is 
radiated  in  all  directions.  The  effect  produced  by  the  radiation 
of  each  of  these  diminishes  in  the  same  proportion  as  the  square 
of  its  distance  increases.  The  fixed  stars  are  bodies  analo- 
gous to  our  sun,  and  at  distances  so  enormous  that  the  effect 
of  the  radiation  of  any  individual  star  is  altogether  insensible. 
When,  however,  it  is  considered  that  the  multitude  of  these 
stars  spread  over  the  firmament  is  so  prodigious  that  in  some 
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places  many  tboasand  are  crowded  together  within  a  space  no 
greater  than  that  occupied  by  the  disc  of  the  full  moon,  it  will 
not  be  matter  of  surprise  that  the  feebleness  of  thermal  in- 
fluence^ due  to  their  immense  distances,  is  compensated  to  a  great 
extent  by  their  countless  number;  and  that,  consequently,  their 
calorific  effects  in  those  regions  of  space  through  which  the 
earth  passes  in  its  annual  course  is,  as  will  presently  appear,  not 
only  far  from  being  insensible,  but  is  very  little  inferior  to  the 
calorific  power  of  the  sun  itself. 

We  are,  then,  to  consider  the  waste  of  heat  which  the  earth 
suffers  by  radiation  as  repaired  by  the  heat  which  it  receives 
from  two  sources,  the  sun  and  the  stellar  universe ;  and  it  re- 
mains to  explain  what  is  the  actual  quantity  of  heat  thus  sup- 
plied to  the  earth,  and  what  proportion  of  it  is  due  to  each  of 
these  causes. 

2214.  Quantity  of  heat  emitted  by  the  sun.  —  An  elaborate 
series  of  experiments  were  made  by  M.  Pouillet,  and  concluded 
in  1838,  with  the  view  of  obtaining,  by  means  independent  of 
all  hypothesis  as  to  the  physical  character  of  the  sun,  an 
estimate  of  the  actual  calorific  power  of  that  luminary.  A 
detailed  report  of  these  observations  and  experiments,  and  an 
elaborate  analysis  of  the  results  derived  from  them,  appeared 
in  the  Transactions  of  the  Academy  of  Sciences  of  Paris  for 
that  year. 

It  would  be  incompatible  with  the  elementary  nature  and 
the  consequent  limits  of  this  work,  to  enter  into  the  details  of 
these  researches.  We  shall,  therefore,  confine  ourselves  here 
briefly  to  state  their  results. 

When  the  firmament  is  quite  unclouded,  the  atmosphere 
absorbs  about  one-fourth  of  the  heat  of  those  solar  rays,  which 
enter  it  vertically.  A  greater  absorption  takes  place  for  rays 
which  enter  it  obliquely,  and  the  absorption  is  augmented  in  a 
certain  ascertained  proportion,  with  the  increase  of  obliquity* 
It  results  from  the  analysis  of  the  results  obtained  in  the 
researches  of  M.  Pouille^  that  about  forty  per  cent  of  all  the 
heat  transmitted  by  the  sun  to  the  earth,  is  absorbed  by  the 
atmosphere,  and  that  consequently  only  sixty  per  cent,  of  this 
heat  reaches  the  surface.  It  must,  however,  be  observed  that  a 
part  of  the  radiant  heat,  intercepted  by  the  atmosphere,  raising 
the  temperature  of  the  air,  is  afterwards  transmitted,  as  well  by 
*  radiation  as  by  contact,  from  the  atmosphere  to  the  earth. 
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By  means  of  direct  observation  and  experiment  made  with 
instruments  contrived  by  him,  called  pyrheliometers^  by  means 
of  which  the  heat  of  the  solar  radiation  was  made  to  affect  a 
known  weight  of  water  at  a  known  temperature,  M.  Pouillet 
ascertained  the  actual  quantity  of  heat  which  the  solar  rays 
would  impart  per  minute  to  a  surface  of  a  given  magnitude,  on 
which  they  would  fall  vertically.  This  being  determined^  it 
was  easy  to  calculate  the  quantity  of  heat  imparted  by  the  sun 
in  a  minute  to  the  hemisphere  of  the  earth  which  is  presented 
to  it,  for  that  quantity  is  the  same  which  would  be  imparted  to 
the  surface  of  the  great  circle  which  forms  the  base  of  that 
hemispherci  if  the  solar  rays  were  incident  perpendicularly 
upon  it. 

2215.  Solar  heat  at  the  earth  would  melt  a  shell  of  ice  100 
feet  thick  in  a  year,  —  In  this  manner  it  was  ascertained  by 
M.  Pouillet,  that  if  the  total  quantity  of  heat  which  the  earth 
receives  from  the  sun  in  a  year  were  uniformly  diffused  over 
all  parts  of  the  surface,  and  were  completely  absorbed  in  the 
fusion  of  a  shell  of  ice  encrusting  the  globe,  it  would  be 
sufficient  to  liquefy  a  depth  of  100  feet  of  such  shell. 

Since  a  cubic  foot  of  ice  weighs  54  lbs.,  it  follows  that  the 
average  annual  supply  of  heat  received  from  the  sun  per  square 
foot  of  the  earth's  surface  would  be  sufficient  to  dissolve  5400  lbs. 
weight  of  ice. 

2216.  Calculation  of  the  actual  quantity  of  heat  emitted  by 
the  sun,  —  This  fact  being  ascertained  supplies  the  means  of 
calculating  the  quantity  of  heat  emitted  from  the  surface  of 
the  sun,  independently  of  any  hypothesis  respecting  its  physical 
constitution. 

It  is  evident  from  the  uniform  calorific  effects  produced  by 
the  solar  rays  at  the  earth,  while  the  sun  revolves  on*  its  axis 
exposing  successively  every  side  to  the  earth  in  the  course  of 
about  twenty-five  days,  that  the  calorific  emanation  from  all 
parts  of  the  solar  surface  is  the  same.  Assuming  this,  then,  it 
will  follow,  that  the  heat  which  the  surface  of  a  sphere  sur- 
rounding the  sun  at  the  distance  of  the  earth  would  receive 
would  be  so  many  times  more  than  the  heat  received  by  the 
earth  as  the  entire  surface  of  such  sphere  would  be  greater  than 
that  part  of  it  which  the  earth  would  occupy.  The  calculation 
of  this  is  a  simple  problem  of  elementary  geometry. 

But  such  a  spherical  surface  surrounding  the  sun  and  con-  • 
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centrical  with  it,  would  necessarily  receive  all  the  heat  radiated 
bj  that  luminary,  and  the  result  of  the  calculation  proves  that 
the  quantity  of  heat  emitted  by  the  sun  per  minute  is  such  as 
would  suffice  to  dissolve  a  shell  of  ice  enveloping  the  sun,  and 
having  a  thickness  of  38^  feet ;  and  that  the  heat  emitted  per 
day  would  dissolve  such  a  shell,  having  a  thickness  of  55748 
feet,  or  about  10^^  miles. 

2217.  HecU  at  sun*s  surface  seven  times  as  intense  as  that  of 
a  blastfurnace.  —  The  most  powerful  blast  furnaces  do  not 
emit  for  a  given  extent  of  fire  surface  more  than  the  seventh 
part  of  this  quantity  of  heat.  It  must,  therefore  be  inferred 
that  each  square  foot  of  the  surface  of  the  sun  emits  about  seven 
times  as  much  heat  as  is  issued  by  a  square  foot  of  the  fire 
surface  of  the  fiercest  blast  furnace. 

2218.  Temperature  of  the  celestial  spaces, — When  the  sur- 
face of  the  earth  during  the  night  is  exposed  to  an  unclouded 
sky,  an  interchange  of  heat  takes  place  by  radiation.  It  radi* 
ates  a  certain  part  of  the  heat  which  pervades  it,  and  it  receives, 
on  the  other  hand,  the  heat  radiated  from  two  sources,  1st,  from 
the  strata  of  atmosphere,  extending  from  the  surface  of  the 
earth  to  the  summit  of  the  atmospheric  column,  and  2d,  from 
the  celestial  spaces,  which  lie  outside  this  limit,  and  which 
ireceive  their  heat  from  the  radiation  of  the  countless  numbers 
of  suns  which  compose  the  stellar  universe.  M.  Pouillet,  by  a 
series  of  ingeniously  contrived  experiments  and  observations, 
made  with  the  aid  of  an  apparatus  contrived  by  him,  called  an 
actinometer^  has  been  enabled  to  obtain  an  approximate  estimate 
of  the  proportion  of  the  heat  received  by  the  earth  which  is 
due  to  each  of  these  two  sources,  and  thereby  to  determine  the 
actual  temperature  of  the  region  of  space  through  which  the 
earth  and  planets  move«  The  objects  and  limits  of  this  work 
do  not  permit  us  to  give  the  details  of  these  researches,  and 
we  must  therefore  confine  ourselves  here  to  the  statement  of 
their  results. 

It  appears  from  the  observations,  that  the  actual  temperature 
of  space  is  included  between  the  minor  limit  of  315%  and  the 
major  limit  of  207**  below  the  temperature  of  melting  ice,  or 
between —283''  and  — 175**  Fahr.  At  what  point  between 
these  limits  the  real  temperature  lies,  is  not  yet  satisfactorily 
ascertained,  but  M.  Pouillet  thinks  that  it  cannot  differ  much 
from  —224*'  Fahr. 

m.  c 


Digitized  by 


Google 


26  METEOROLOGY. 

2219.  Heat  received  by  earth  from  celestial  space  would  rndty 
in  a  year,  eighty-Jive  feet  thieh  of  ice, — It  is  proved  from  these 
results,  that  the  quantity  of  heat  imparted  to  the  earth  in  a 
jear,  bj  the  radiation  of  the  celestial  space,  is  such  as  would' 
liquefy  a  spherical  shell  of  ice,  covering  the  entire  surface  of 
the  earth,  the  thickness  of  which  would  be  eighty-five  feet,  and 
that  forty  per  cent,  of  this  quantity  is  absorbed  by  the  atmo- 
sphere. 

Thus  the  total  quantity  of  heat  received  annually  by  the 
earth  is  such  as  would  liquefy  a  spherical  shell  of  ice  185  feet 
thick,  of  which  100  feet  are  due  to  the  sun,  and  85  feet  to  the 
heat  which  emanates  from  the  stellar  universe. 

The  fact  that  the  celestial  spaces  supply  very  little  less  heat 
to  the  earth  annually  than  the  sun,  may  appear  strange,  when 
the  very  low  temperature  of  these  spaces  is  considered,  a  tempe- 
rature 180°  lower  than  the  cold  of  the  pole  during  the  presence 
of  the  sun.  It  must,  however,  be  remembered  that  while  the 
space  from  which  the  solar  radiation  emanates,  is  only  that  part 
of  the  firmament  occupied  by  the  disc  of  the  sun,  that  fix>m 
which  the  celestial  radiation  proceeds  is  the  entire  celestial 
sphere,  the  area  of  which  is  about  five  million  times  greater 
than  the  solar  disc.  It  will  therefore  cease  to  create  surprise, 
that  the  collective  efiect  of  an  area  so  extensive  should  be 
little  short  of  that  of  the  sun. 

The  calorific  efiect  due  to  the  solar  radiation,  according  to 
the  calculations  and  observations  of  M.  Pouillet,  exceeds  that 
which  resulted  from  the  formulae  of  Poisson.  These  formulas 
were  obtained  from  the  consideration  of  the  variation  of  the 
temperature  of  the  strata  of  the  earth  at  difierent  depths  below 
the  surface.  M.  Pouillet  thinks  that  the  results  proceeding 
from  the  two  methods  would  be  brought  into  accordance  if  the 
infiuence  of  the  atmosphere  on  solar  heat,  which,  as  appears 
from  what  has  been  explained,  is  very  considerable,  could  be 
introduced  in  a  more  direct  manner  into  Poisson's  formulae. 

2220.  Summary  of  the  thermal  effects, — In  fine,  therefore, 
the  researches  of  M.  Pouillet  give  the  following  results,  which 
must  be  received  as  mere  approximations  subject  to  correction 
by  future  observation : 

1st.  That  the  sun  supplies  the  earth  annually  with  as  much 
heat  as  would  liquefy  100  feet  thick  of  ice  covering  the  entire 
globe. 
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2d.  That  the  celestial  spaces  supply  as  much  as  would  liquefy 
85  feel  thicks 

dd.  That  40  per  cent,  of  the  one  and  the  other  supply  is 
absorbed  by  the  atmosphere^  and  60  per  cent,  received  by 
the  earth. 

4th.  That  of  the  heat  radiated  by  the  earth,  90  per  cent,  is 
intercepted  by  the  atmosphere,  and  10  per  cent,  dispersed  in 
space. 

5tb.  That  the  heat  evolved  on  the  surface  of  the  sun  in  a 
day  would  liquefy  a  shell  of  ice  10^  miles  thick,  enveloping  the 
sun,  and  the  intensity  of  the  solar  fire  is  seven  times  greater 
than  that  of  the  fiercest  blast  furnace. 

6th.  That  the  temperature  of  space  outside  the  atmosphere 
of  the  earth  is  224*  Fahr.,  or  256**  below  that  of  melting  ice. 

7th.  That  the  solar  heat  alone,  constitutes  only  two-thirds 
of  the  entire  quantity  of  heat  supplied  to  the  earth  to  repair 
its  thermal  losses  by  terrestrial  radiation  ;  and  that  without  the 
heat  supplied  by  stellar  radiation,  the  temperature  of  the  earth 
would  fall  to  a  point  which  would  be  incompatible  with  organic 
Hfe. 


CHAP.  n. 

THE  AIR  Ain>  ATMOSPHESIO  TAK>trRS. 

2221.  Periodical  changes  in  the  atmospheric  pressure.  —  The 
periodical  changes  to  which  the  pressure  of  the  atmosphere  is 
subject,  and  the  principal  causes  which  produce  them  have  been 
already  briefly  indicated  (719.  et  seq.).  We  shall  now  explain 
mcffe  fully  some  of  the  more  important  of  these  phenomena. 

It  has  been  customary  in  these  climates  to  observe  and  re- 
gister the  height  of  the  barometric  column  four  times  a  day, 
mt  9  A.3C,  at  noon,  at  3  p.k.,  and  at  9  p.m. 

The  mean  monthly  and  mean  annual  heights  are  obtained 
from  a  comparison  of  the  noon  observations.  The  diurnal 
period  is  obtained  from  a  comparison  of  the  morning  and  after- 
noon observations. 

2222.  Mean  annual  height  {^barometer. —  The  mean  height 
of  the  barometer  at  Paris  obtained  from  observations  continued 

c  2 
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from  1816  to  1836,  has  been  ascertained  to  be  29*764  inches. 
The  mean  annual  height  during  this  period  did  not  vary  so 
much  as  twelve  hundredths  of  an  inch, 

2223.  Effect  of  winds  on  the  barometric  column.  —  It  has 
been  found  that  the  barometric  column  is  affected  by  the  direc- 
tion and  continuance  of  the  wind,  but  these  effects  are  not  the 
same  in  all  localities.  At  Paris,  the  height  is  greatest  when  the 
wind  blows  from  the  north  or  north-east,  and  least  when  from 
the  south  and  south-west.  The  extreme  difference  of  the  mean 
heights  during  such  winds  was  found  to  be  twentj-seyen  hun- 
dredths of  an  inch.  Observations  made  at  Metz  by  Schuster  gave 
a  like  result,  but  with  a  little  less  difference.  At  Marseilles, 
however,  no  such  effect  has  been  observed,  but  rather  a  ten- 
dency to  a  contrary  change,  the  height  being  generally  above 
the  mean  in  southerly  winds,  and  below  it  in  north-westerly. 

2224.  Diurnal  variations  of  the  barometer^  —  A  long  series 
of  observations  on  the  diurnal  changes  in  the  barometer  esta« 
blish  the  existence  of  two  periods,  a  period  of  decrease  from 
9  A.M.  to  3  P.M.,  and  a  period  of  increase  from  3  p.m.  to 
9  P.M.  The  mean  amount  of  the  former,  taken  from  ten  years' 
observation  at  Paris,  was  00294 in.,  and  of  the  latter  0O146 in. 
The  decrease  from  9  a.m.  to  3  p.m.  is  therefore  less  than  the 
thirtieth  of  an  inch,  and  the  increase  from  3  p.m.  to  9  p.m.  less 
than  the  sixtieth  of  an  inch. 

A  comparison  of  these  variations  in  different  seasons  of  the 
year  shows  that  the  increase  of  the  evening  is  subject  to 
very  minute  and  irregular  changes,  but  that  the  changes  of  the 
decrease  in  the  morning  are  both  more  considerable  and  more 
regular,  the  amount  of  the  decrease  being  always  least  in 
November,  December,  and  January,  and  greatest  in  February, 
March,  and  April. 

During  the  night  the  barometer  falls  from  9  p.m.  to  4  a.m., 
and  rises  from  4  a.m.  to  9  a.m. 

2225.  The  toinds,  —  No  meteorological  phenomenon  has 
had  so  many  observers,  and  there  is  none  of  which  the  theory 
is  so  little  understood,  as  the  winds.  The  art  of  navigation  has 
produced  in  every  seaman  an  observer,  profoundly  interested 
in  the  discovery  of  the  laws  which  govern  a  class  of  phenomena, 
upon  the  knowledge  of  which  depends  not  only  his  professional 
success  but  his  personal  security,  and  the  lives  and  property 
committed  to  his  charge. 

The  chief  part  of  the  knowledge  which  has  been  collected 
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respecting  the  causes  which  produce  these  atmospheric  currents 
is  derived,  nevertheless,  much  more  from  the  comparison  of 
the  registers  of  observatories  than  from  the  practical  experience 
of  mariners* 

2226*  Winds  by  compression  and  rarefaction.  > —  Winds  are 
propagated  either  by  compression  or  by  rarefaction.  In  the 
former  case  they  are  developed  in  the  same  direction  in  which 
they  blow ;  in  the  latter  case  they  are  developed  in  the  con-^ 
trary  direction.  To  render  this  intelligible,  let  us  imagine  a 
column  of  air  included  in  a  tube.  If  a  piston  inserted  in  one 
end  of  the  tube  be  driven  from  the  mouth  inwards,  the  air 
contiguous  to  it  will  be  compressed,  and  this  portion  of  air  will 
compress  the  succeeding  portion,  and  so  on ;  the  compression 
being  propagated  from  the  end  at  which  the  piston  enters  to- 
ward the  opposite  end.  The  remote  end  being  open,  the  air  will 
flow  in  ft  current  driven  before  the  piston  in  the  same  direction 
in  which  the  compression  is  propagated. 

If  we  imagine,  on  the  other  hand,  a  piston  inserted  in  the 
tube  at  some  distance  from  its  mouth,  to  be  drawn  outwards  to- 
ward  the  mouth,  the  air  behind  it  will  expand  into  the  space 
deserted  by  the  piston,  and  a  momentary  rarefaction  will  be 
produced.  The  next  portion  of  air  will  in  like  manner  follow 
that  which  is  next  the  piston,  the  rarefaction  which  begins  at 
the  piston  being  propagated  backwards  through  the  tube  in  a 
direction  contrary  to  the  motion  of  the  piston  and  that  of  the 
current  of  air  which  follows  it. 

What  is  here  supposed  to  take  place  in  the  tube  is  exhibited 
on  a  lai^er  scale  in  the  atmosphere.  Any  physical  cause  which 
produces  a  compression  of  the  atmosphere  from  north  to  south 
will  produce  a  north  wind ;  and  any  cause  which  produces  a 
rarefaction  from  north  to  south  will  produce  a  south  wind. 

2227.  Effect  of  sudden  condensation  of  vapour.  —  Of  all  the 
causes  by  which  winds  are  produced,  the  most  frequent  is  the 
sudden  condensation  of  vapour  suspended  in  the  atmosphere. 
In  general  the  atmosphere  above  us  consists  of  a  mixture  of 
air  properly  so  called,  and  water,  either  in  the  state  of  vapour, 
or  in  a  vesicular  state,  the  nature  and  origin  of  which  has  not 
yet  been  clearly  ascertained.  In  either  case  its  sudden  con- 
version into  the  liquid  state,  and  its  consequent  precipitation  to 
the  earth,  leaves  the  space  it  occupied  in  the  atmosphere  a 
Tacuum,  and  a  corresponding  rarefaction  of  the  air  previously 
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mixed  with  the  vapour  ensues.  The  adjacent  strata  imme- 
diatelj  rush  in  to  re-establish  the  equilibrium  of  pneumatic 
pressure,  and  winds  are  consequently  produced* 

The  propagation  of  winds  by  rarefaction  manifested  in  direc* 
tions  contrary  to  that  of  the  winds  thems^ves,  is  common  in  the 
North  of  Europe.  Wargentin  gives  various  examples  of  this. 
When  a  west  wind  springs  up,  it  is  felt,  he  observes,  at  Mos- 
cow before  it  reaches  Abo,  although  the  latter  city  is  four  hun- 
dred leagues  west  of  Moscow,  and  it  does  not  reach  Sweden 
until  after  it  has  passed  over  Finland. 

2228.  Hurricanes, — The  intertropical  regions  are  the  theatre 
of  hurricanes.  It  is  there  only  that  these  atmospheric  common 
tions  are  displayed  in  all  their  terrors.  In  the  temperate  zones 
tempests  are  not  only  more  rare  in  their  occurrence  but  much 
less  violent  in  their  force.  In  the  circumpolar  zone  the  winds 
seldom  acquire  the  force  which  would  justify  the  title  of  a 
storm. 

The  hurricanes  of  the  warm  climates  spread  over  a  consider- 
able width,  and  extend  through  a  still  more  considerable  length. 
Some  are  recorded  which  have  swept  over  a  distance  of  four 
or  five  hundred  leagues  with  a  nearly  uniform  violence. 

It  is  only  by  recounting  the  effects  produced  by  these  vast 
commotions  of  the  atmospheric  ocean,  that  any  estimate  can  be 
formed  of  the  force  which  air,  attenuated  and  light  as  that 
fluid  is,  may  acquire  when  a  great  velocity  is  given  to  it.  In 
hurricanes  such  as  that  which  took  place  at  Guadaloupe  on  the 
25th  July,  1825,  houses  the  most  solidly  constructed  were 
overthrown.  A  new  building  erected  in  the  most  durable 
manner  by  the  government  was  rased  to  the  ground.  Tiles 
carried  from  the  roof  were  projected  against  thick  doors  with 
such  force  as  to  pass  through  them  like  a  cannon  ball.  A 
plank  of  wood  3^  feet  long,  9  inches  wide,  and  an  inch  thick, 
was  projected  with  such  force  as  to  cut  through  a  branch  of 
palm  wood  18  inches  in  diameter.  A  piece  of  wood  15  feet 
long  and  8  inches  square  in  its  cross  section,  was  projected 
upon  a  hard  paved  road,  and  buried  to  a  depth  of  more  than 
^three  feet  in  it.  A  strong  iron  gate  in  front  of  the  governor's 
iiouse  was  carried  away,  and  three  twenty-foqr  pounders  erected 
on  the  fort  were  dismounted. 

2229.  The  probable  catises  explained.  —  These  effects,  pro- 
digious as  they  are,  all  arise  from  mechanical  causes.  There 
is  no  agent  engaged  in  hurricanes  more  subtle  than  the  me- 
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chanical  force  of  air  in  motion,  and  since  the  weight  and 
denaty  of  the  air  suffer  no  important  change,  the  vast  momen- 
tum manifested  by  such  effects  as  those  described  above,  most 
be  ascribed  altogether  to  the  extraordinary  velocity  imparted  to 
the  air  by  the  magnitude  of  the  local  vacuum  produced,  as 
.already  stated,  by  the  sudden  condensation  of  vapour.  To  form 
.some  approximate  estimate  of  this  it  may  be  stated  that,  in  the 
intertropical  regions,  a  fall  of  rain  often  takes  place  over  a  vast 
•extent  of  surface,  sufficient  in  quantity  to  cover  it  with  a  stra- 
tum of  water  more  than  an  inch  in  depth.  If  such  a  fall  of  rain 
were  to  take  place  over  the  extent  of  a  hundred  square  leagues, 
as  sometimes  happens,  the  vapour  &x>m  which  such  a  quantity 
of  liquid  would  be  produced  by  condensation  would,  at  the 
temperature  of  only  50"^,  occupy  a^ume  100,000  times  greater 
than  that  of  the  liquid;  and,  consequently,  in  the  atmosphere 
over  the  surface  of  100  square  leagues  it  would  fill  a  space 
9000  feet,  or  nearly  two  miles  in  length.  The  extent  of  the 
vacuum  produced  by  its  condensation  would  be  a  volume  nearly 
oqual  to  200  cubic  miles,  or  to  the  volume  of  a  column  whose 
base  is  a  square  mile  and  whose  height  is  200  miles. 

2230.  Water  spouts  and  land  spouts.  —  These  phenomena, 
called  water  or  land  spouts  according  as  they  are  manifested  at 
sea  or  on  land,  consist  apparently  of  dense  masses  of  aqueous 
vapour  and  air,  having  at  once  a  gyratory  and  progressive  mo- 
tion, and  resembling  in  form  a  conical  cloud,  the  base  of  which 
is  presented  upwards,  and  the  vertex  of  which  generally  rests 
upon  the  ground,  but  sometimes  assumes  a  contrary  position. 
This  phenomenon  is  attended  with  a  sound  like  that  of  a  waggon 
rolling  on  a  rough  pavement. 

Violent  mechanical  effects  sometimes  attend  these  meteors. 
lArge  trees  torn  up  by  the  roots,  stripped  of  their  leaves,  and 
exhibiting  all  the  appearances  of  having  been  struck  by 
lightning,  are  projected  to  great  distances.  Houses  are  often 
thrown  down,  unroofed,  and  otherwise  injured  or  destroyed, 
when  they  lie  in  the  course  of  these  meteors.  Rain,  hail, 
and  frequently  globes  of  fire,  like  the  ball  lightning,  also 
accompany  them. 

The  various  appearances  exhibited  by  water  spouts  are  re- 
presented in^.  669. 

No  satisfactory  ^eory  has  yet  connected  these  phenomena 
with  the  general  laws  of  physics. 
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223L  Evaporation  from  the  surface  of  water.  —  If  the  sur^ 

face  of  a  sea,  lake,  or  other 
large  collection  of  water  were 
exposed  to  the  atmosphere  con* 
sisting  of  pure  air  without  any 
admixture  of  vapour,  evapora* 
tion  would  immediately  com- 
mence, and  the  vapour  developed 
at  the  surface  of  the  water 
would  ascend  into  and  mix  with 
the  atmosphere.  The  pressure 
of  the  atmosphere  would  then  be 
the  sum  of  the  pressures  of  the 
atmosphere,  properly  so  called, 
^fr  ^^^'  and  of  the  vapour  suspended  lA 

it,  since  neither  of  these  elastic  fluids  can  augment  or  diminish 
the  pressure  of  the  other. 

The  vapour  developed  from  the  surface  of  the  water  thud 
mingling  with  the  atmosphere,  acquires  a  common  temperature 
with  it.  This  vapour,  therefore,  receiving  thus  from  the  air 
with  which  it  is  intermixed  more  or  less  heat,  after  having 
passed  into  the  vaporous  state,  is  superheated  vapour  (1496.). 
It  has,  therefore,  a  greater  temperature  than  that  which  corre* 
spends  to  its  density,  or,  what  is  the  same,  it  has  a  less  density 
than  that  which  corresponds  to  its  temperature.  Such  vapour 
may  therefore  lose  temperature  to  a  certain  extent  without 
being  condensed. 

2232.  Air  may  be  saturated  with  vapour.  —  But  if  the  same 
atmosphere  continue  to  be  suspended  over  the  surface  of  water, 
the  process  of  evaporation  being  continued,  the  quantity  of 
vapour  which  rises  into  the  air  and  mingles  with  it  will  be  con- 
tinually increased  until  it  acquires  the  greatest  density  which  is 
compatible  with  its  temperature.  Evaporation  must  then  cease, 
and  the  air  is  said  to  be  saturated  with  vapour. 

If  the  temperature  of  the  air  in  such  case  rise,  evaporation 
will  recommence  and  will  continue  until  the  vapour  shall  ac- 
quire the  greatest  density  compatible  with  the  increased  tem- 
perature, and  will  then  cease,  the  air  being,  as  before,  saturated. 

2233.  If  the  temperature  of  saturated  air  f ally  condensation 
will  tahe  place.  —  But  if  the  temperature  fall,  the  greatest  den- 
sity of  vapour  compatible  with  it  being  less  than  at  the  higher 
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temperature,  a  part  of  the  vapour  must  be  condensed,  and  this 
condensation  must  continue  until  the  vapour  suspended  in  the 
air  shall  be  reduced  to  that  state  of  density  which  is  the  greatest 
compatible  with  the  reduced  temperature. 

2234.  Atmosphere  rarefy  saturated.  —  A  fluid  so  light  and 
mobile  as  the  atmosphere,  can  never  remain  long  in  a  state  of 
repose,  and  the  column  of  air  suspended  over  the  surface  of 
any  collection  of  water  however  extensive,  is  subject  to  frequent 
change.  In  general,  therefore,  before  any  such  portion  of  the 
atmosphere  become  saturated  by  evaporation,  it  is  removed  and 
replaced  by  another  portion.  It  happens,  consequently,  that  the 
atmosphere  rarely  becomes  saturated  by  the  immediate  effect  of 
evaporation. 

2235.  Ma^  became  so  by  reduced  temperature  or  inters 
mingling  strata, — The  state  of  saturation  is,  however,  often 
attained  either  by  loss  of  temperature,  or  by  the  intermixture 
of  strata  of  air  of  different  temperatures  and  differently 
charged  with  vapours.  Thus,  if  air  which  is  below  the  point 
of  saturation  suffer  a  loss  of  heat,  its  temperature  may  fall  to 
that  point  which  is  the  highest  compatible  with  the  density  of 
the  vapour  actually  suspended  in  it.  The  air  will  then  become 
saturated,  not  by  receiving  any  increased  quantity  of  vapour, 
but  by  losing  that  caloric  by  which  the  vapour  it  contained  was 
previously  superheated. 

If  two  strata  of  air  at  different  temperatures,  and  both 
charged  with  vapour  to  a  point  below  saturation,  be  intermin- 
gled, they  will  take  an  intermediate  temperature,  that  which 
had  the  higher  temperature  imparting  a  portion  of  its  heat  to 
that  which  had  a  lower  temperature.  The  vapour  with  which 
they  were  previously  charged  will  likewise  be  intermixed  and 
reduced  to  the  common  temperature.  Now,  in  this  case  it  may 
happen  that  the  common  temperature  to  which  the  entire  mass 
is  reduced,  after  intermixture,  shall  be  either  equal  to  or  less 
than  the  greatest  temperature  compatible  with  the  density  of 
the  vapour  in  the  mass  of  air  thus  mixed.  If  it  be  equal  to 
that  temperature,  the  mass  of  air  after  intermixture  will  be 
saturated^  though  the  strata  before  intermixture  were  both 
below  saturation;  and  if  less,  condensation  must  take  place 
until  the  density  of  the  vapour  suspended  in  the  mixture  be 
reduced  to  the  greatest  density  compatible  with  the  tem- 
perature, 

c  5 


Digitized  by 


Google 


34  METEOROLOGY. 

2236.  Air  and  vapour  intermingle  though  of  different  ^pe^ 
eific  gravities.  —  It  might  be  supposed  that  air  and  vapour 
being  mixed  together  without  combining  chemically,  would 
arrange  themselves  in  strata,  the  lighter  floating  above  the 
heavier  as  oil  floats  above  water.  This  statical  law,  however, 
which  prevails  in  liquids,  is  in  the  case  of  elastic  fluids  subject 
to  important  qualifications.  The  latter  class  of  fluids  have  a 
tendency  to  intermingle  and  difiuse  themselves  through  and 
among  each  other  in  opposition  to  their  specific  gravities. 
Thus  if  a  stratum  of  hydrogen,  the  lightest  of  the  gases,  rest 
upon  a  stratum  of  carbonic  acid,  which  is  the  heaviest,  they 
will  by  slow  degrees  intermingle,  a  part  of  the  hydrogen  de- 
scending among  the  carbonic  acid,  and  a  part  of  the  carbonic 
acid  ascending  among  the  hydrogen,  and  this  will  continue 
until  the  mixture  becomes  perfectly  uniform,  every  part  of  it 
containing  the  two  gases  in  the  proportion  of  their  entirq 
quantities. 

The  same  law  prevails  in  the  case  of  vapours  mixed  with 
gases ;  and  thus  may  be  explained  the  fact,  that  although  the 
aqueous  vapour  suspended  in  the  air,  and  having  the  same 
temperature,  is  always  lighter  bulk  for  bulk  than  the  air,  it 
does  not  ascend  to  the  upper  strata  of  the  atmosphere,  but  is 
uniformly  diflused  through  it. 

2237.  The  pressure  of  air  retards,  but  does  not  diminish 
evaporation.  —  It  may  be  stated  generally,  that  the  effect  of 
a  column  of  air  superposed  upon  the  surface  of  water  is  only 
to  retard,  but  not  either  to  prevent  or  diminish,  the  evapora** 
tion.  The  same  quantity  of  vapour  will  be  developed  as 
would  be  produced  at  the  same  temperature  if  no  air  were 
superposed  on  the  water;  but  while  in  the  latter  case  the  entire 
quantity  of  vapour  would  be  developed  instantaneously,  it  is 
produced  gradually,  and  completed  only  after  a  certain  in- 
terval of  time  when  the  air  is  present.  The  quantity  of  vapour 
developed,  and  its  density  and  pressure,  are  however  exactly 
the  same,  whether  the  space  through  which  it  is  diffiised  be  a 
vacuum,  or  be  filled  by  air,  no  matter  what  the  density  of  the 
air  may  be.  The  properties  of  the  air,  therefore,  neither 
modify  nor  are  modified  by  those  of  the  vapour  which  is  dif- 
fused through  it. 

2238.  When  vapour  intermixes  with  air,  it  renders  it  spe- 
cificaUy  lighter,  —  Since,  at  the  same  temperature  and  pres- 
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sure,  the  density  of  the  vapour  of  water  is  less  than  that  of 
air  in  the  ratio  of  5  to  8,  it  follows  that  when  air  becomes 
charged  with  vapour  of  its  own  temperature,  the  volume  will 
be  augmented,  but  the  density  diminished.  If  a  certain 
volume  of  air  weigh  8  grains,  an  equal  volume  of  vapour  will 
weigh  5  grains,  the  two  volumes  mixed  together  will  weigh 
13  grains,  and,  consequently,  an  equal  volume  of  the  mixture 
will  weigh  6^  grains.  In  this  case,  therefore,  the  density  of 
the  air  charged  with  vapour  is  less  than  the  density  of  dry  air 
of  the  same  temperature  in  the  ratio  of  6^  to  8. 


CHAP.  IIL 

HTOBOMETRT. 


2239.  Hygrameiry, — This  is  the  name  given  to  that  branch 
of  meteorology  which  treats  of  the  methods  of  measuring  the 
elastic  force  and  the  quantity  of  aqueous  vapour  which  is 
suspended  in  the  atmosphere,  and  in  which  the  influence  of 
various  natural  bodies  and  physical  agents  upon  this  vapour  is 
explained. 

If  the  atmosphere  were  always  charged  with  vapour  to 
saturation,  the  pressure  and  density  of  the  vapour  contained  in 
it  would  be  immediately  determined  by  its  temperature,  for 
there  would  then  be  the  greatest  pressure  and  density  com- 
patible with  the  temperature,  and  the  pressure  and  density  would 
be  given  by  the  tables  (1494). 

2240.  The  dew  point  —  But  when  the  air,  as  generally 
happens,  is  not  saturated,  it  becomes  necessary  to  contrive 
means  by  which  the  temperature  to  which  it  must  be  reduced, 
in  order  to  become  saturated  by  the  quantity  of  vapour  actually 
suspended  in  it,  can  be  determined. 

Such  temperature  is  called  the  dew  point,  inasmuch  as 
atter  reduction  below  that  temperature,  more  or  less  conden- 
sation, and  the  consequent  deposition  of  moisture  or  dew,  will 
take  place. 

2241.  Method  of  determining  the  pressure  and  density  of  the 
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vapour  suspended  in  the  air,  — When  the  actual  temperature 
of  the  air  and  the  dew  point  are  known,  the  pressure  and 
density  of  the  vapour  suspended  in  the  air  may  be  found. 

Let  T  express  the  temperature  of  the  air,  t  the  dew  point, 
p  the  pressure  of  the  vapour  which  would  saturate  the  air  at 
the  temperature  t,  p  the  pressure  of  the  vapour  which  would 
saturate  it  at  the  temperature  ^  and,  in  fine,  let  p'  express  the 
pressure  of  the  vapour  actually  suspended  in  the  air. 

This  pressure  p'  is  greater  than  the  pressure  p,  which  the 
same  vapour  having  the  same  density  has  at  the  temperature  ^ 
by  that  increase  of  pressure  which  is  due  to  the  increase  of 
temperature  from  ^  to  t.  If  the  increase  of  pressure  due  to 
one  degree  of  augmented  temperature  be  expressed  by  n,  the 
increase  due  to  (t— ^)  degrees  will  be  expressed  by  (t— <)  x«. 
Hence,  we  shall  have 

p'=px{I+(T-/)x«} 
So  that  when  p,  the  pressure  of  the  saturating  vapour  at  the 
dew  point,  is  known,  v\  the  actual  pressure,  can  be  found. 

But  any  means  by  which  the  temperature  t  at  the  due  point 
can  be  determined,  will  necessarily  also  determine  the  pressure 
p,  inasmuch  as  this  pressure  is  that  which  corresponds  to 
vapour  having  the  greatest  density  compatible  with  the  tem- 
perature /,  and  is  therefore  given  by  the  tables  (1494).  This 
being  found,  p^  may  be  computed  by  the  preceding  formula. 

To  find  the  density  of  the  vapour  actually  suspended  in  the 
air,  or,  what  is  the  same,  the  weight  of  water  in  the  state  of 
vapour  contained  in  a  cubic  foot  of  air,  let  this  weight  be 
expressed  by  V,  and  let  w  express  the  weight  of  vapour 
which  would  saturate  a  cubic  foot  of  air  at  the  temperature  t. 

Since  the  pressure  is  proportional  to  the  density  when  the 
temperature  is  the  same,  we  shall  have 
P  :  P'::  w:  w'; 
Therefore, 

w'swx— =-xpx  {1+(t-^)x«} 

By  this  formula,  therefore,  the  weight  w'  of  vapour  contained 
in  a  cubic  foot  of  air  can  be  found,  provided  the  weight  and 
pressure  of  the  vapour  which  would  saturate  it  at  the  same 
temperature,  its  dew  point,  and  the  pressure  of  the  vapour 
which  would  saturate  it  at  that  point,  are  severally  known. 
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2242.  Table  of  pressures  and  densities  of  saturating  vapours* 
— The  following  table^in  which  are  given  the  pressure  and  weight 
of  the  saturating  vapour  in  a  cubic  foot  of  air,  at  the  several 
temperatures  expressed  in  the  first  column,  will  supply  all  the 
data  necessary  for  such  calculations,  provided  only  that  means 
be  obtained  for  determining  by  experiment  the  dew  point. 


Table  showing  the  Fressare  and  Weight  of  saturating  Vapour  contained  ii 
a  Cubic  Foot  of  Air  at  Temperatures  varying  from  —  4°  Fahr.  to  +  104 


Fahr. 


m 
104<' 


Prcanrc: 
Jnchc 

WckAt  of  Vapour 
In  •Cubic  Fooirf 

PrMnm: 
Inche., 

WdfAit  of  Vapour 

IfarvitiT. 

Air. 

Mcrcttxj. 

Air. 

o 

OraliM. 

o 

Giafau. 

-  40 

•05 

66^2 

•64 

7 

ftK» 

•08 

68-0 

•68 

7 

140 

•10 

69-8 

•72 

8 

MO 

•15 

716 

•76 

8 

8S-0 

•20 

734 

•81 

9 

33-8 

•as 

75-2 

•86 

9 

36-6 

•23 

77-0 

•91 

10 

87-4 

"24 

78-8 

•96 

10 

as-i 

•26 

80-6 

1-02 

11 

410 

•28 

82-4 

1-08 

12 

4J8 

•30 

84-2 

114 

12 

44-6 

•33 

860 

1-21 

13 

46-4 

•34 

87-8 

1-28 

14 

48a 

•36 

89-6 

1-35 

14 

WO 

•38 

91-4 

1-43 

15 

51-8 

•40 

93^2 

1-51 

16 

63-6 

•43 

95-0 

1-69 

17 

65-4 

•45 

96-8 

1-68 

18 

w« 

•48 

986 

1-77 

18 

hdrH 

•51 

100-4 

1-87 

19 

608 

•54 

102^2 

1-97 

20 

62^6 

•68 

1040 

2-09 

21 

64-4 

•61 

2243.  Example  of  such  a  calculation, — As  an  example  of  the 
application  of  the  preceding  formulae,  let  us  suppose  that  the 
temperature  of  the  air  is  77%  and  that  the  dew  point  is  ascer- 
tained to  be  54^^ 

By  the  preceding  table  then  we  obtain  the  following  data : — 

T=77%         p=0^1,  ^=54^,  |>=0-44. 

But  it  appears  from  what  has  been  already  explained  (1496), 
that  it=0-002037=qf  J^. 
Hence  we  find 

p'=0-44 X  {1 +22-5+O002O37}  =0-46, 
It  follows,  therefore,  that  the  actual  pressure  of  the  vapour 
suspended  in  the  air  is  46  per  cent,  of  the  pressure  of  the 
Tapour  which  would  saturate  it 
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We  have  also 

p=0-96, 
And  therefore 


w=10: 


V=5-06. 


2244.  Method  of  ascertaining  the  dew  point  —  To  determine 
the  dew  point  let  a  thin  glass  or  decanter  he  filled  with  water, 
and,  immersing  a  thermometer  in  it,  let  it  he  exposed  in  the 
open  air.  Let  ice  cold  water  he  poured  into  it  hj  small  quan- 
tities and  mixed  with  it,  so  as  to  reduce  its  temperature  hy 
slow  degrees  helow  that  of  the  surrounding  air.  A  temperature 
will  at  length  he  attained  at  which  a  cloudy  deposition  of 
moisture  will  he  manifested  on  the  external  surface  of  the  glass. 
The  temperature  at  which  this  effect  first  begins  to  be  mani- 
fested is  the  DEW  POINT. 

To  explain  this  it  must  he  considered  that  the  shell  of  air  in 
immediate  contact  with  the  glass  is  reduced  to  the  temperature 
of  the  glass,  and  when  that  temperature  has  heen  reduced  so 
low  that  the  vapour  suspended  in  the  air  saturates  it,  any 
further  diminution  of  temperature  is  attended  with  conden- 
sation, which  is  in  effect  manifested  by  the  dew  which  then 
immediately  begins  to  collect  upon  the  surface  of  the  glass. 

2245.  DaniePs  Hygrometers, — Hygrometers  have  been  con- 
structed in  different  forms,  on  this  principle, 
to  indicate  the  dew  point.  That  of  Daniel 
has  been  most  generally  adopted.  This 
instrument  consists  of  a  glass  tube,  having 
a  thin  bulb  blown  on  each  end  of  it,  and 
being  bent  into  the  rectangular  form  re- 
presented in^^.  670.  The  bulb  a  is  filled 
to  two-thirds  of  its  capacity  with  ether, 
which  being  boiled  produces  vapour  which 
fills  the  tube  t  and  the  bulb  6,  and  escapes 
through  a  small  opening  in  the  bottom  of 

Fig.  670.  i^   In  this  manner  the  air  is  expelled  from 

the  ether,  the  tube,  and  the  bulbs.  The  opening  in  6  is  then 
closed  with  the  blowpipe,  and  the  heat  being  removed  from  the 
bulb  a,  the  vapour  in  the  tube  and  bulb  b  is  condensed,  so  that 
the  space  within  the  instrument  above  the  surface  of  the  ether 
contains  only  the  vapour  of  ether,  which  corresponds  to  the 
temperature  of  the  fluid  in  the  bulb  a.     A  thermometer  is 
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previously  inserted  in  the  tube  ^  the  bulb  of  which  is  plunged 
in  the  ether,  and  the  bulb  b  is  surrounded  by  a  linen  or  muslin 
cloth,  which,  being  saturated  with  ether  by  means  of  a  small 
phial  provided  with  a  fine  rectangular  spout,  evaporation  takes 
place,  by  which  the  bulb  b  is  cooled.  The  vapour  of  the  ether 
which  fills  the  bulb  b  is  thus  condensed  in  it,  and  more  vapour 
flows  in  to  fill  its  place  from  the  tube  t  The  surface  of  the 
ether  in  a  being  thus  continually  released  from  the  pressure  of 
the  vapour  condensed,  further  evaporation  and  a  consequent 
depression  of  the  temperature  of  the  fluid  in  the  bulb  a  ensues, 
and  this  continues  until  the  temperature  of  the  bulb  a  is  re- 
duced to  the  dew  point,  when  a  cloudy  deposition  will  be  mani- 
fested on  the  glass  of  the  bulb  a. 

2246.  Auguifs  PsychromeUr. — Professor  August  of  Berlin 
has  constructed  an  hygrometer,  the  indications  of  which  depend 
on  the  depression  of  temperature  produced  by  evaporation  in 
an  atmosphere  which  is  below  the  point  of  saturation.  Two 
thermometers,  exactly  alike  in  all  respects,  are  mounted  on  a 
support  in  immediate  juxtaposition,  the  bulb  of  one  being  en- 
veloped in  a  cloth,  which  is  kept  constantly  wetted  with  dis- 
tilled water.  If  the  atmosphere  were  already  saturated  no 
evaporation  would  ensue;  but  if  it  be  not  saturated  evaporation 
will  take  place  from  the  wet  cloth  surrounding  the  bulb,  and  a 
depression  of  temperature  will  be  indicated,  which  will  bear  a 
certain  relation  to  the  rate  of  this  evaporation.  The  thermometer 
therefore,  enveloped  in  the  wet  cloth,  will  fall  below  the  other, 
which  gives  the  true  temperature  of  the  air,  and  the  difference 
between  the  two  thermometers  thus  becomes  a  measure  of  the 
rate  of  evaporation  from  the  cloth,  and  thereby  of  the  degree 
of  dryness  of  the  air.  The  greater  the  quantity  of  vapour  with 
which  the  air  is  charged,  the  less  will  be  the  difference  of  the 
temperatures  indicated  by  the  two  thermometers. 

When  the  air  is  extremely  dry,  the  difference  between  the 
two  thermometers  sometimes  amounts  to  from  14**  to  IS**, 

Professor  August  has  constructed  tables  by  which  the  pressure 
of  the  vapour  suspended  in  the  air,  which  corresponds  to  the 
various  indications  of  the  two  thermometers,  can  be  immediately 
found. 

2247.  Saussure'i  Hygrometer, — Hygrometric  substances  are 
those  porous  bodies  whose  affinity  for  moisture  is  so  strong, 
that  when  they  are  exposed  to  an  atmosphere  in  which  more  or 
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less  Tapour  is  suspended^  they  will  attract  this  yapoor  and 
condense  it  in  their  pores,  so  that  thej  will  become  wet.  The 
quantity  of  moisture  which  they  imbibe  in  this  manner  is  more 
or  less,  according  to  the  quantity  of  vapour  with  which  the 
atmosphere  is  charged. 

The  varying  absorption  of  vapour  causes  in  some  bodies  a 
corresponding  variation  of  dimensions.  The  hygrometer  of 
Saussure  is  founded  on  this  property.  A  hair  well  prepared 
and  deprived  of  all  greasy  matter  is  attached  to  a  point  of  sus- 
pension, and  being  carried  round  a  small  wheel  is  kept  extended 
by  suspending  to  its  extremity  a  small  weight.  Being  hygro« 
metric,  it  absorbs  moisture  from  the  atmosphere,  by  which  it  is 
made  to  contract  and  shorten  its  length.  This  causes  the  wheel 
round  which  it  is  coiled  to  turn  through  a  corresponding  space, 
which  is  shown  by  an  index  fixed  upon  the  centre  of  the  wheel, 
which  plays  upon  a  graduated  arch. 

As  the  vapour  suspended  in  the  air  increases  or  diminishes, 
the  contraction  of  the  hair  varies  in  corresponding  manner,  and 
the  index  shows  the  changes,  indicating  extreme  dryness  at  one 
extremity  of  the  scale,  and  extreme  humidity  at  the  other. 

Tables  have  been  constructed  by  which  the  indications  of 
this  instrument  give  the  pressure  of  the  vapour  suspended  in 
the  air. 

2248.  Dew, — The  evaporation  produced  during  the  day  by 
the  action  of  solar  heat  on  the  surface  of  water,  and  on  all 
bodies  charged  with  moisture,  causes  the  atmosphere  at  the  time 
of  sunset  to  be  more  or  less  charged  with  vapour,  especially  in 
the  warm  season.  On  hot  days,  and  in  the  absence  of  winds, 
the  atmosphere  at  sunset  is  generally  at  or  near  the  point  of 
saturation. 

Immediately  after  sunset  the  temperature  of  the  air  falls. 
If  it  were  previously  in  a  state  of  saturation  condensation  must 
ensue,  which  will  be  considerable  if  the  heat  of  the  day  and  the 
consequent  change  of  temperature  after  sunset  be  great  In 
such  case,  the  vapour  condensed  often  assumes  the  appearance 
of  a  fine  rain  or  mist  taking  the  liquid  form  before  its  actual 
deposition  on  the  surface. 

The  deposition  of  dew,  however,  also  takes  place  even  where 
the  atmosphere  is  not  reduced  to  its  point  of  saturation.  When 
the  firmament  is  unclouded  after  sunset,  all  objects  which  are 
good  radiators  of  heat,,  among  which  the  foliage  and  fiowers  of 
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y^etables  are  the  foremost,  lose  bj  radiation  the  heat  which 
they  had  received  before  sunset  without  receiving  any  heat  from 
the  firmament  sufficient  to  replace  it.*  The  temperature  of  such 
objects,  therefore,  falls  much  below  that  of  the  air,  on  which 
thej  produce  an  effect  precisely  similar  to  that  which  a  glass  of 
very  cold  water  produces  when  exposed  to  a  warm  atmosphere 
chained  with  vapour.  The  air  contiguous  to  their  surface  being 
reduced  to  the  dew  point  by  contact  with  them,  a  part  of  the 
vapour  which  it  holds  in  suspension  is  condensed,  and  collects 
upon  them  in  the  form  of  dew. 

It  follows  from  this  reasoning,  that  the  dew  produced  by  the 
fiJl  of  temperature  of  the  air  below  the  point  of  saturation  will 
be  deposited  equally  and  indifferently  on  the  surfaces  of  all 
objects  exposed  in  the  open  air,  but  that  which  is  produced  by 
the  loss  of  temperature  of  objects  which  radiate  freely,  will 
only  be  deposited  on  those  surfaces  which  are  good  radiators. 
Foreign  writers  on  physics  accordingly  class  these  depositions 
as  different  phenomena,  the  former  being  called  by  French 
meteorologists  serein^  and  the  latter  rosee  or  dew.  We  are  not 
aware  that  there  is  in  English  any  term  corresponding  to 
serein. 

Dew  will  fail  to  be  deposited  even  on  objects  which  are  good 
radiators,  when  the  firmament  is  clouded.  For  although  heat 
be  radiated  as  abundantly  from  objects  on  the  surface  of  the 
earth  as  when  the  sky  is  unclouded,  yet  the  clouds  being  also 
good  radiators,  transmit  heat,  which  being  absorbed  by  the 
bodies  on  the  earth,  compensates  for  the  heat  they  lose  by  ra* 
diation,  and  prevents  their  temperature  from  falling  so  much 
below  that  of  the  air  as  to  produce  the  condensation  of  vapour 
in  contact  with  them. 

Wind  also  prevents  the  deposition  of  dew  by  carrying  off  the 
air  from  contact  with  the  surface  of  the  cold  object  before  con- 
densation has  time  to  take  place.  Meanwhile,  by  the  contact  of 
succeeding  portions  of  air,  the  radiator  recovers  its  temperature. 

In  general,  therefore,  the  conditions  necessary  to  insure  the 
deposition  of  dew  is,  1st,  a  warm  day  to  charge  the  air  with 
vapour ;  2d,  an  unclouded  night ;  dd,  a  calm  atmosphere ;  and, 
4th,  objects  exposed  to  it  which  are  good  radiators  of  heat. 

In  the  close  and  sheltered  streets  of  cities  the  deposition  of 
dew  is  rarely  observed,  because  there  the  objects  are  necessarily 
exposed  to  each  over's  influence,  and  an  interchange  of  heat  by 
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radiation  takes  place  so  as  to  maintain  their  temperature  ;  be« 
sides  which,  the  objects  found  there  are  not  as  strong  radiators 
as  the  foliage  and  flowers«of  vegetables. 

2249.  Hoarfrost — ^When  the  cold  which  follows  the  conden- 
sation of  vapour  falls  below  32^,  what  would  otherwise  be  dew 
becomes  hoab  frost.  For  the  same  reason  that  dew  is  depo- 
sited when  the  temperature  of  the  air  is  above  the  point  of  sa- 
turation, hoar  frost  may  be  manifested  when  the  temperature 
of  the  air  is  many  degrees  above  the  point  of  congelation  ;  for 
in  this  case,  as  in  that  of  dew,  the  objects  on  which  the  hoar 
frost  collects  lose  so  much  heat  by  their  strong  radiation,  that 
while  the  atmosphere  may  be  above  40®  they  will  fall  below  32^ 
In  such  cases,  a  dew  is  first  deposited  upon  them  which  soon 
congeals,  and  forms  the  needles  and  crystals  with  which  every 
observer  is  familiar. 

The  hoar  frost  is  sparingly  or  not  at  all  formed  upon  the  naked 
earth,  or  on  stones  or  wood,  while  it  is  profusely  collected  on 
leaves  and  flowers.  The  latter  are  strong,  the  former  feeble 
radiators. 

Glass  is  a  good  radiator.  The  panes  of  a  window  fall  during 
the  night  to  a  temperature  below  32®,  although  the  air  of  the 
room  be  at  a  much  higher  temperature.  Condensation  and  a 
profuse  deposition  of  moisture  takes  place  on  their  inner  sur- 
faces, which  soon  congeals  and  exhibits  the  crystallized  coating 
so  often  witnessed. 

The  frosts  of  spring  and  autumn,  which  so  frequently  are 
Attended  with  injury  to  the  crops  of  the  farmer  and  gardener, 
proceed  generally  not  from  the  congelation  of  moisture  depo- 
sited from  the  atmosphere,  but  from  the  congelation  of  their 
own  proper  moisture  by  the  radiation  of  their  temperature 
caused  by  the  nocturnal  radiation,  which  in  other  cases  produces 
dew  or  hoar  frost  The  young  buds  of  leaves  and  flowers  in 
spring,  and  the  grain  and  fruit  in  autumn,  being  reduced  by 
radiation  below  32®,  while  the  atmosphere  is  many  d^rees 
above  that  temperature,  the  water  which  forms  part  of  their 
composition  is  frozen,  and  blight  ensues. 

These  principles,  which  serve  to  explain  the  cause  of  the  evil, 
also  suggest  its  remedy.  It  is  only  necessary  to  shelter  the 
object  from  exposure  to  the  unclouded  sky,  which  may  be  done 
by  matting,  gauze,  and  various  other  expedients. 

2250.  Fabrication  of  ice  in  hot  cUmates.  —  In  tropical  di- 
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mates  the  principle  of  nocturnal  radiation  has  supplied  the 
means  of  the  artificial  production  of  ice.  This  process,  which 
is  conducted  on  a  considerable  scale  in  Bengal,  where  some 
establishments  for  the  purpose  employ  several  hundred  men, 
consists  in  placing  water  in  shallow  pans  of  unglazed  pottery  in 
a  situation  which  is  exposed  to  the  clear  sky  and  sheltered  from 
currents  of  air.  Evaporation  is  promoted  by  the  porous  quality 
of  the  pans  which  become  soaked  with  water,  and  radiation 
takes  place  at  the  same  time  both  from  the  water  and  the  pans. 
Both  these  causes  combine  in  lowering  the  temperature  of  the 
water  in  the  pans,  which  congeals  when  it  falls  below  32^. 

2251.  Fogi  and  clouds,  —  When  the  steam  issuing  from  the 
surface  of  warm  water  ascends  into  air  which  is  at  a  lower 
temperature,  it  is  condensed,  but  the  particles  of  water  formed 
by  such  condensation  are  so  minute,  that  they  float  in  the  air 
as  would  the  minute  particles  of  an  extremely  fine  dust.  These 
particles  lose  their  transparency  by  reason  of  their  minuteness, 
according  to  a  general  law  of  physical  optics.  The  vapour  of 
water  is  transparent  and  colourless.  It  is  only  when  it  loses 
the  character  and  qualities  of  true  vapour,  that  it  acquires  the 
cloudy  and  semi-opaque  appearance  just  mentioned. 

Fogs  are  nothing  more  than  such  condensed  vapour  pro- 
duced from  the  surface  of  seas,  lakes,  or  rivers,  when  the  water 
has  a  higher  temperature  than  the  stratum  of  air  which  rests 
upon  it.  These  fogs  are  more  thid^  and  frequent  when  the 
air,  besides  having  a  lower  temperature  than  the  water,  is 
already  saturated  with  vapour,  because  in  that  case  all  the 
vapour  developed  must  be  immediately  condensed,  whereas, 
if  the  air  be  not  saturated,  it  will  absorb  more  or  less  of  the 
vapour  which  rises  from  the  water. 

Clouds  are  nothing  but  fogs  suspended  in  the  more  elevated 
strata  of  the  atmosphere.  Clouds  are  most  frequently  pro- 
duced by  the  intermixture  of  two  strata  of  air,  having  different 
temperatures  and  differently  charged  with  vapour,  the  mixture 
being  supersaturated,  and  therefore  being  attended  with  par- 
tial condensation  as  already  explained  (2235). 

22^2.  Rain.  —  When  condensation  of  vapour  takes  place 
in  the  upper  strata  of  the  atmosphere,  a  fog  or  mist  is  first  pro- 
duced, after  which  the  aqueous  particles  coalescing  form 
themselves  in  virtue  of  the  attraction  of  cohesion  into  spherules, 
and  fall  by  their  gravity  to  the  earth,  producing  the  pheno- 
menon of  rain. 
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2i5S.  Bain  gauge. — An  instrument  by  which  the  quan- 
tity of  rain  which  falls  upon  an  area  of  given  magnitude,  at  a 
given  place,  within  a  given  time,  is  called  a  Rain  qauqe  or 
(Jdometeb. 

These  instruments,  which  vary  in  form,  in  magnitude,  and  in 
the  provisions  by  which  the  quantity  falling  is  measured  and 
registered,  consbt,  in  general,  of  a  cylindrical  reservoir  of  knowH 
diameter,  the  bottom  of  which  being  funnel-shaped,  terminates 
in  a  discharge  pipe,  through  which  the  contents  pass  into  a 
close  vessel.  The  quantity  received  from  time  to  time  by  this 
vessel  is  measured  and  indicated  by  a  great  variety  of  ex- 
pedients. 

2264.  Quantity  of  rain  falling  in  various  places,  —  The 
quantity  of  rain  which  falls  in  a  given  time  at  a  given  place,  is 
expressed  by  stating  the  depth  which  it  would  have  if  it  were 
received  upon  a  plane  and  level  surface,  into  which  no  part  of  it 
would  penetrate. 

At  Paris,  the  average  annual  quantity  of  rain  which  falls, 
obtained  from  observations  continued  for  thirty  years  at  the 
Observatory,  is  23*6  inches.  There  is,  however,  considerable 
variation  in  the  quantities  from  which  this  average  is  deduced ; 
the  smallest  quantity  observed  being  16*9  inches,  and  the  greatest 
27"9  inches. 

The  greatest  annual  fall  of  rain  is  that  observed  at  Maran. 
ham,  lat  2^^  S.,  which  is  stated  by  Humboldt  to  amount  to 
277  inches,  more  than  double  the  annual  quantity  hitherto  ob- 
served elsewhere.  The  following  are  the  annual  quantities  at 
the  under-named  places :  — 


St  Domingo 
Cayenne  - 
Island  Granada 
Hayannah 
Calcutta      - 
Bombay 
Martiniqae 
Sierra  Leone 
Berlin 
Bmssels 
Florence     - 
Lyons 
Maestricht  - 
Marseilles  - 
Padua 


In, 

In. 

-  120 

Petersburg  - 

18-2 

-  116 

Bome 

31-2 

•  112 

Bottcrdam  - 

22*4 

.     91 

Stockholm  - 

« 

18-7 

•     76  to  118 

Vienna 

17-0 

-     83  to    96 

AlaU  (35  years) 

39-0 

.        -     87 

Algiers  (10  years) 

36-0 

.     86 

Bourdeanx  (7  years) 

33-5 

-     20-9 

Chalons  (43  years) 

23-5 

.     190 

Dijon  (34  years) 

27-6 

-     41-3 

Dieppe  (8  years) 

32-5 

.     39-5 

Metz  (22  years)  - 

26*0 

.     861 

Nantes  (7  years) 

64-5 

-     18-4 

Orange  (30  years) 

29-5 

-     36-6 

Jerwas  (6  years) 

50-0 
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In.  In. 

Boaen  (3  years)       -        -  88*5  lirerpool      •        .  -  34*12 

St.  Lo  (3  years)       -        -  31-5  Lancaster      -        -  •  3971 

Toulouse  (8  years)  -        -  25*0  Glasgow        ...  21'33 

Basin  of  the  Rhone  (4  yrs.)  35*0  London  (Dalton)  •  *  20*69 

Kendal  -        -        *        .  53-94            „       (Howard)  •  24*90 

Dumfries         -        .        •  36*92  York     •        •        .  .  25*70 

Manchester     .        -        *  36*14  Edinburgh    •        -  •  25*00 

Among  the  exceptional  pluvial  phenomena,  the  following  roaj 
be  mentioned :  — 

At  Bombay,  six  inches  of  rain  fell  in  a  single  daj. 

At  Cayenne,  ten  inches  fell  in  ten  hours. 

At  Genoa,  on  the  25th  of  Oct  1822,  thirty  inches  of  rain 
fell  on  the  occurrence  of  a  water  spout.  This  is  the  greatest 
fall  of  rain  on  record. 

2255.  Snow.  — The  physical  conditions  which  determine  the 
production  of  snow  are  not  ascertained.  It  is  not  known  whe- 
ther the  flakes  as  they  fall  are  immediately  produced  bj  the 
congelation  of  condensed  vapour  in  the  cloud  whence  they  first 
proceed,  or  whether  being  at  first  minute  particles  of  frozen 
vapour,  they  coalesce  with  other  frozen  particles  in  falling 
through  the  successive  strata  of  the  nir,  and  thus  finally  attain 
the  magnitude  which  they  have  on  reaching  the  ground. 

The  only  exact  ohservations  which  have  been  made  on  snow 
refer  to  the  forms  of  the  crystab  composing  it,  which  Captain 
Scoresby  has  observed  with  great  accuracy  in  his  Polar  Voy- 
ages, and  of  which  he  has  given  drawings.  The  flakes  appear 
to  consist  of  fine  needles,  grouped  with  singular  symmetry. 
A  few  of  the  most  remarkable  forms  are  represented  in 
fig.  671. 

2256.  HaiL  —  The  physical  causes  which  produce  this  for- 
midahle  scourge  of  the  agriculturist  are  uncertain.  Hypo- 
theses hi^ve  been  advanced  to  explain  it  which  are  more  or  less 
plausible,  but  which  do  not  fulfil  the  conditions  that  would  en- 
title them  to  the  place  of  physical  causes.  Yolta  proposed  a 
theory,  which  has  obtained  some  celebrity,  and  which  is  cha- 
racterized by  the  ingenuity  that  marked  every  physical  investi- 
gation of  that  great  philosopher.  Two  strata  of  clouds,  each 
charged  with  vapour,  and  with  opposite  electricities,  are  sup- 
posed to  be  carried  by  different  atmospheric  currents  at  different 
elevations  to  such  a  position,  that  one  is  vertical  above  the 
other,  and  separated  from  it  by  a  stratum  of  the  atmosphere  of 
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a  certain  thickness.     Assuming  that  condensation  and  congela- 
tion is  produced  in  the  superior  cloudy  and  that  hailstones  of 


Fig.  671. 

small  magnitude  result  directly  from  the  congelation  of  par- 
ticles of  water,  these  fall  in  a  shower  upon  the  inferior  cloud, 
wliere  their  electricity  is  first  neutralized  by  an  equal  charge  of 
the  contrary  fluid,  and  they  are  then  charged  with  that  fluid, 
when  they  are  repelled  upwards,  and  rise  again  to  the  superior 
cloud,  where  like  effects  ensue,  and  they  fall  again  to  the  in- 
ferior cloud,  and  so  continue  to  rise  and  fall  between  the  two 
clouds  upon  the  same  principle  as  the  pith-balls  move  in  the 
experiment  described  in  (1794')l  The  gradual  increase  of  mag- 
nitude of  the  hailstones  during  this  reverberation  between  the 
two  clouds  is  thus  explained  by  Volta :  —  When  they  fall  from 
the  superior  upon  the  inferior  cloud  they  penetrate  it  to  a  cer- 
tain depth,  and  because  of  their  low  temperature,  the  vapour 
condenses  and  congeals  upon  their  surface,  thus  increasing  their 
volume.  The  same  effect  is  produced  when  they  rise  again  to 
the  superior  cloud,  and  is  repeated  each  time  that  they  pass  to 
and  fro  from  cloud  to  cloud,  until  the  weight  of  the  stones  be- 
come so  great  that  it  resists  the  electric  attraction,  and  they 
then  fall  to  the  earth. 

Volta  also  explained  how  two  clouds  might  thus  be  charged 
with  contrary  electricities,  by  the  effect  of  solar  heat  in  pro- 
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dacing  eraporation,  and  by  the  assumption  that  vaporization 
develops  positive  and  condensation  negative  electricity.  This 
explanation  is  inadmissible,  inasmuch  as  it  is  now  established 
that  evaporation  and  condensation  are  only  attended  with  the 
development  of  electricity  when  they  cause  decomposition. 
However,  as  it  is  well  ascertained  that  clouds  are  frequently 
charged  with  opposite  electricities,  this  part  of  the  hypothesis 
of  Yolta  might  be  received  without  objection  as  a  possibility. 
But  even  admitting  this,  the  hypothesis  cannot  be  regarded  as 
more  than  an  ingenious  conjecture. 

2257.  The  phenomena  attending  hailstorms, — ^In  the  absence 
of  any  satisfactory  explanation  of  the  phenomenon,  it  is  im- 
portant to  ascertain  with  precision  and  certainty  the  circum* 
stances  which  attend  it,  and  the  conditions  under  which  it  is 
produced. 

It  may  then,  in  the  first  place,  be  considered  as  certain  that 
the  formation  of  hail  is  an  effect  of  sudden  electrical  changes 
in  clouds  charged  with  vapour  ;  for  there  is  no  instance  known 
of  hail  which  is  not  either  preceded  or  accompanied  by  thunder 
and  lightning. 

BefcMre  the  fall  of  hail,  during  an  interval  more  or  less,  but 
sometimes  of  several  minutes'  duration,  a  rattling  noise  is  gene- 
rally heard  in  the  air,  which  has  been  compared  to  that  pro- 
duct by  shaking  violently  bags  of  nuts. 

Hail  falls  much  more  frequently  by  day  than  by  night. 
Hail  clouds  have  generally  great  extent  and  thickness,  as  is 
indicated  by  the  obscuration  they  produce.  They  are  observed 
also  to  have  a  peculiar  colour,  a  grey  having  sometimes  a 
reddish  tint.  Their  form  is  also  peculiar,  their  inferior  surfaces 
having  enormous  protuberances,  and  their  edges  being  in- 
dented and  ragged. 

These  clouds  are  often  at  very  low  elevations.  Observers 
on  mountains  very  frequently  see  a  hail  cloud  below  them. 

It  appears,  from  an  examination  of  the  structure  of  hail- 
stones, that  at  their  centre  there  is  generally  an  opaque  nucleus, 
resembling  the  spongy  snow  that  forms  sleet  Round  this  is 
formed  a  congealed  mass,  which  is  semi-transparent.  Some- 
times this  mass  consists  of  a  succession  of  layers  or  strata. 
These  layers  are  sometimes  all  transparent,  but  in  different 
degrees.  Sometimes  they  are  alternately  opaque  and  semi- 
transparent. 
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2258,  Extraordinary  examples  of  hailstones. — Eztraordi- 
naiy  reports  of  the  magnitude  of  hailstones,  which  have  fallen 
during  storms  bo  memorable  as  to  find  a  place  in  general  his-* 
torj,  have  come  down  from  periods  of  antiquity  more  or  less 
remote.  According  to  the  Chronicles,  a  hailstorm  occurred  in 
the  reign  of  Charlemagne,  in  which  hailstones  fell  which  mea* 
sured  fifteen  feet  in  length  by  six  feet  in  breadth,  and  eleven 
feet  in  thickness ;  and  under  the  reign  of  Tippoo  Saib,  hail- 
stones equal  in  magnitude  to  elephants  ^tb  said  to  have  fallen. 
Setting  aside  these  and  like  recitals,  as  partaking  rather  of  the 
character  of  fable  than  of  history,  we  shall  find  sufficient  to 
create  astonishment  in  well  authenticated  observations  on  this 
subject 

In  a  hailstorm  which  took  place  in  Flintshire  on  the 
9th  April,  1697,  Halley  saw  hailstones  which  weighed  five 
ounces. 

On  4th  May,  1697,  Robert  Taylor  saw  fall  hailstones  mea^ 
suring  fourteen  inches  in  circumference. 

In  the  storm  which  ravaged  Como  on  20th  August,  1787, 
Yolta  saw  hailstones  which  weighed  nine  ounces. 

On  22d  May,  1822,  Dr.  Noggerath  saw  fall  at  Bonn  hail- 
stones which  weighed  from  twelve  to  thirteen  ounces. 

It  appears,  therefore,  certain  that  in  different  countries  hail- 
storms have  occurred  in  which  stones  weighing  from  half  to 
three  quarters  of  a  pound  have  fallen. 


CHAP.  IV. 

ATMOSPHEBIC   ELECTRICITT. 


2259.  The  air  generally  charged  with  positive  electricity.  — 
The  terrestrial  globe  which  we  inhabit  is  invested  with  an 
ocean  of  air  the  depth  of  which  is  about  the  200th  part  of  its 
diameter.  It  may  therefore  be  conceived  by  imagining  i^ 
coating  of  air,  the  tenth  of  an  inch  thick,  investing  a  twenty 
inch  globe.  This  aerial  ocean,  relatively  shallow  as  it  is,  at  the 
bottom  of  which  the  tribes  of  organized  nature  have  their 
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dwelling,  is  nevertheless  the  theatre  of  stupendous  electrical 
phenomena. 

It  may  be  stated  as  a  general  fact,  that  the  atmosphere  which 
thus  covers  the  globe  is  charged  with  positive  electricity, 
which,  acting  by  induction  on  the  superficial  stratum  of  the 
globe  on  which  it  rests,  decomposes  the  natural  electricity,  at- 
tracting the  n^ative  fluid  to  the  surface  and  repelling  the 
positive  fluid  to  the  inferior  strata.  The  globe  and  its  atmo** 
sphere  may  therefore  be  not  inaptly  compared  to  a  Ley  den 
phial,  the  outer  coating  of  which  being  placed  in  connexion 
with  the  prime  conductor  of  a  machine,  is  charged  with  positive 
electricity,  and  the  inner  coating  being  in  connexion  with  the 
ground,  is  charged  by  induction  with  negative  electricity.  The 
outer  coating  represents  the  atmosphere,  and  the  inner  the 
superficial  stratum  of  the  globe. 

2260.  This  state  subject  to  variations  and  exceptions,  — * 
This  normal  state  of  the  general  atmospheric  ocean  is  subject 
to  variations  and  exceptions,  variations  of  intensity  and  ex-* 
ceptions  in  quality  or  name.  The  variations  are  periodical  and 
accidental.  The  exceptions  local,  patches  of  the  general  at- 
mosphere in  which  clouds  float  being  occasionally  charged  with 
negative  electricity. 

2261-  Diurnal  variations  of  electrical  intensity,  — The 
intensity  of  the  electricity  with  which  the  atmosphere  is 
charged  varies,  in  the  course  of  twenty-four  hours,  alternately 
increasing  and  decreasing.  It  begins  to  decrease  at  a  few 
minutes  after  sunrise,  and  continues  to  decrease,  until  two  or 
three  o'clock  in  the  aftemoouj  when  it  attains  a  minimum. 
It  then  increases  and  continues  to  increase  until  some  minutes 
after  sunset,  when  it  attains  a  maximum.  After  that  it  again 
decreases,  attaining  a  minimum  at  a  certain  time  in  the  night, 
which  varies  in  different  places  and  different  seasons,  after 
which  it  again  increases  and  attains  a  maximum  at  a  few  mi- 
nutes after  sunrise. 

In  general,  in  winter,  the  electricity  of  the  air  is  more  intense 
than  in  summer. 

2262.  Observations  of  Qaetelet,  —  These  were  the  general 
results  of  the  extensive  series  of  observations  on  atmospheric 
electricity  made  by  Saussure.  More  recently  they  have  been 
confirmed  by  the  observations  of  M.  Quetelet,  which  have  been 
continued  without  interruption  daily  at  the   Observatory  of 
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Brussels  for  the  last  ten  years.  M.  Quetelet  found  that  the  first 
maximum  was  manifested  about  8  a.  m.,  and  the  second  about 
9  P.  H.  The  minimum  in  the  daj  was  at  3  p.  m.  He  found 
also  that  the  mean  intensity  was  greatest  in  January  and  least 
in  June. 

Such  are  the  normal  changes  which  the  electrical  condition 
of  the  air  undergoes  when  the  atmosphere  is  clear  and  un- 
clouded. When,  however,  the  firmament  is  covered  with  clouds, 
the  electricity  is  subject  during  the  day  to  frequent  and  irre- 
gular changes  not  only  in  intensity  but  in  name ;  the  electri- 
city being  often  negative,  owing  to  the  pressure  of  clouds  over 
the  place  of  observation  charged  some  with  positive  and  some 
with  negative  electricity. 

2263.  Irregular  and  local  variations  and  exceptions.  —  The 
intensity  of  the  electricity  of  the  air  is  also  affected  by  the 
season  of  the  year,  and  by  the  prevalent  character  and  direction 
of  the  winds ;  it  varies  also  with  the  elevation  of  the  strata, 
being  in  general  greater  in  the  higher  than  in  the  lower  regions 
of  the  atmosphere.  The  intensity  is  generally  greater  in  win- 
ter, and  especially  in  frosty  weather,  than  in  summer,  and  when 
the  air  is  calm  than  when  winds  prevail. 

Atmospheric  deposits,  such  as  rain,  hail,  snow,  &c.,  are  some- 
times positive  and  sometimes  negative,  varying  with  the  direc- 
tion of  the  wind.  North  winds  give  positive,  and  south  winds 
negative  deposits. 

2264.  Methods  of  observing  atmospheric  electricity.  —  The 
electricity  of  the  atmosphere  is  observed  by  erecting  in  it,  to 
any  desired  elevation,  pointed  metallic  conductors,  from  the 
lower  extremities  of  which  wires  are  carried  to  electroscopes  of 
various  forms,  according  to  the  intensity  of  the  electricity  to  be 
observed.  All  the  usual  effects  of  artificial  electricity  may  be 
reproduced  by  such  means ;  sparks  may  be  taken,  light  bodies 
attracted  and  repelled,  electrical  bells,  such  as  those  described 
in  (1792),  affected  ;  and,  in  fine,  all  the  usual  effects  of  the  finid 
produced.  So  immediate  is  the  increase  of  electrical  tension 
in  rising  through  the  strata  of  the  air,  that  a  gold  leaf  electro- 
scope properly  adapted  to  the  purpose,  and  reduced  to  its  natu- 
ral state  when  placed  horizontally  on  the  ground,  will  show  a 
sensible  divergence  when  raised  to  the  level  of  the  eyes. 

2265.  Methods  of  ascertaining  the  electrical  condition  of  the 
higher  strata,  —  To  ascertain  the  electrical  condition  of  strata 
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too  elevated  to  be  reached  by  a  fixed  condoctor,  the  extremity 
of  a  flexible  wire,  to  which  a  metallic  point  is  attached,  is  con* 
nected  with  a  heavy  ball,  which  is  projected  into  the  air  by  a 
gun  or  pistol,  or  to  an  arrow  projected  by  a  bow.  The  pro- 
jectile, when  it  attains  the  limit  of  its  flight,  detaches  the  wire 
from  the  electroscope,  which  then  indicates  the  electrical  state  of 
the  air  at  the  highest  point  attained  by  the  projectile. 

The  expedient  of  a  kite,  used  with  so  much  success  by 
Franklin,  Romas,  and  others,  to  draw  electricity  from  the 
clouds,  may  also  be  adopted  with  advantage,  more  especially 
in  cases  where  the  atmospheric  strata  to  be  examined  are  at  a 
considerable  elevation. 

2266.  Remarkable  experiments  of  Roma$^  1757.  —  The  vast 
quantities  of  electricity  with  which  the  clouds  are  sometimes 
charged  were  rendered  manifest  in  a  striking  manner  by  the 
well-known  experiments  made  by  means  of  kites  by  Romas  in 
1757.  The  kite,  carrying  a  metallic  point,  was  elevated  to  the 
strata  in  which  the  electric  cloud  floated.  A  wire  was  con* 
nected  with  the  cord,  and  carried  from  the  pointed  conductor 
borne  by  the  kite  to  a  part  of  the  cord  at  some  distance  from 
the  lower  extremity,  where  it  was  turned  aside  and  brought 
into  connexion  with  an  electroscope,  or  other  experimental 
means  of  testing  the  quantity  and  quality  of  the  electricity  with 
which  it  was  charged.  Romas  drew  from  the  extremity  of  this 
conducting  wire  not  only  strong  electric  sparks,  but  blades  of  fire 
nine  or  ten  feet  in  length  and  an  inch  in  thickness,  the  discharge 
of  which  was  attended  with  a  report  as  loud  as  that  of  a  pistoL 
In  less  time  than  an  hour,  not  less  than  thirty  fiashes  of  this 
magnitude  and  intensity  were  often  drawn  from  the  conductor, 
besides  many  of  six  or  seven  feet  and  of  less  length. 

2267.  Electrical  charge  of  clouds  varies.  —  It  has  been 
shown  by  means  of  kites  thus  applied,  that  the  clouds  are 
charged  some  with  positive  and  some  with  negative  electricity, 
while  some  are  observed  to  be  in  their  natural  state.  These 
circumstances  serve  to  explain  some  phenomena  observed  in 
the  motions  of  the  clouds  which  are  manifested  in  stormy  wea- 
ther. Clouds  which  are  similarly  electrified  repel,  and  those 
which  are  oppositely  electrified  attract  each  other.  Hence  arise 
motions  among  such  clouds  of  the  most  opposite  and  compli- 
cated kind.  While  they  are  thus  reciprocally  attracted  and 
repelled  in  virtue  of  the  electricity  with  which  they  are  charged, 
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they  are  also  transported  in  various  directions  by  the  currents 
which  prevail  in  the  atmospheric  strata  in  which  they  float, 
these  currents  often  having  themselves  different  directions. 

2268.  Thunder  and  lightning,  — Such  appearances  are  tho 
sure  prognostics  of  a  thunderstorm.  Clouds  charged  with 
contrary  electricities  affect  each  other  by  induction,  and  mutu- 
ally attract,  whether  they  float  in  the  same  stratum  or  in 
strata  at  different  elevations.  When  they  come  within  striking 
distance^  that  is  to  say,  such  a  distance  that  the  force  of  the 
fluids  with  which  they  are  charged  surpasses  the  resistance  of 
the  intervening  air,  the  contrary  fluids  rush  to  each  other,  and 
an  electrical  discharge  takes  place,  upon  the  same  principle  as 
the  same  phenomenon  on  a  smaller  scale  is  produced  when  the 
charges  of  the  internal  and  external  coatings  of  a  Ley  den  jar, 
overcoming  the  resistance  of  the  uncoated  part,  rush  together 
and  a  spontaneous  discharge  is  made. 

The  sound  and  the  flash,  the  thunder  and  the  lightning,  are 
only  the  reproduction  on  a  more  vast  scale  of  the  explosion  and 
spark  of  the  jar. 

The  clouds,  however,  unlike  the  metallic  coatings  of  the  jar, 
are  very  imperfect  conductors,  and  consequently,  when  dis- 
charged at  one  part  of  their  vast  extent,  they  preserve 
elsewhere  their  electricity  in  its  original  intensity.  Thus,  the 
first  discharge,  instead  of  establishing  equilibrium,  rather 
disturbs  it,  for  the  part  of  the  cloud  which  is  still  charged  is 
alone  attracted  by  the  part  of  the  other  cloud  in  which  the 
fluid  has  not  yet  been  neutralized.  Hence  arise  various  and 
complicated  motions  and  variations  of  form  of  the  clouds,  and 
a  succession  of  discharges  between  the  same  clouds  must  take 
place  before  the  electrical  equilibrium  is  established.  This  is 
necessarily  attended  by  a  corresponding  succession  of  flashes 
of  lightning  and  claps  of  thunder. 

2269.  Form  and  extent  of  the  flash  of  lightning, — The  form 
of  the  flash  in  the  case  of  lightning,  like  that  of  the  spark 
taken  from  an  electrified  conductor,  is  zigzag.  The  doublings 
or  acute  angles  formed  at  the  successive  points  when  the  flash 
changes  its  direction  vary  in  number  and  proximity.  The 
cause  of  this  zigzag  course,  whether  of  the  electric  spark  or  of 
lightning,  has  not  been  explained  in  any  clear  or  satisfactory 
manner. 

The  length  of  the  flashes  of  lightning  also  varies ;  in  some 
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eases  they  have  been  ascertained  to  extend  to  from  two  and  a  half 
to  three  miles.  It  is  probable,  if  not  certain,  that  the  line  of 
light  exhibited  by  flashes  of  forked  lightning  are  not  in  reality 
one  continued  line  simaltaneously  luminous,  but  that  on  the 
contrary  the  light  is  developed  successively  as  the  electricity 
proceeds  in  its  course,  the  appearance  of  a  continuous  line  of 
light  being  an  optical  effect  analogous  to  the  continuous  line  of 
light  exhibited  when  a  lighted  stick  is  moved  rapidly  in  a  circle, 
the  same  explanation  being  applicable  to  the  case  of  lightning 
(1143> 

2270.  Causes  of  the  rolling  of  thunder. — As  the  sound  of 
thunder  is  produced  by  the  passage  of  the  electric  fluid  through 
the  air  which  it  suddenly  compresses,  it  is  evolved  progressively 
along  the  entire  space  along  which  the  lightning  moves.  But 
since  sound  moves  only  at  the  rate  of  1 100  feet  per  second, 
while  the  transmission  of  light  is  so  rapid  that  in  this  case  it 
may  be  considered  as  practically  instantaneous,  the  sound  will 
not  reach  the  ear  for  an  interval  greater  or  less  after  the 
perception  of  the  light,  just  as  the  flash  of  a  gun  is  seen  before 
the  report  is  heard  (831). 

By  noting  the  interval,  therefore,  which  elapses  between  the 
perception  of  the  flash  and  that  of  the  sound,  the  distance  of  the 
point  where  the  discharge  takes  place  can  be  computed  approxi- 
mately by  allowing  1 100  feet  for  every  second  in  the  interval. 

But  since  a  separate  sound  is  produced  at  every  point 
through  which  the  flash  passes,  and  as  these  points  are  at  dis- 
tances from  the  observer  which  vary  according  to  the  position, 
length,  direction,  and  form  of  the  flash,  it  will  follow  necessanly 
that  the  sounds  produced  by  the  same  flash,  though  practically 
simultaneous,  because  of  the  great  velocity  with  which  the 
electricity  moves,  arrive  at  the  ear  in  comparatively  slow  suc- 
cession. Thus,  if  the  flash  be  transmitted  in  the  exact  direc- 
tion in  which  the  observer  is  placed,  and  its  length  be  1 1,000 
feet,  the  distances  of  the  points  where  the  first  and  last  sounds 
are  produced  will  differ  by  ten  times  the  space  through  which 
sound  moves  in  one  second.  The  first  sound  will,  therefore, 
be  heard  ten  seconds  before  the  last,  and  the  intermediate 
sounds  will  be  heard  during  the  interval. 

The  varying  loudness  of  the  successive  sounds  heard  in  the 
rolling  of  thunder  proceeds  in  part  from  the  same  causes  as  the 
rarying  intensity  of  the  light  of  the  flash.  But  it  may,  perhaps, 
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be  more  satisfactorily  explained  by  the  combination  of  the  suc- 
cessive discharges  of  the  same  cloud  rapidly  succeeding  each 
other^  and  combining  their  effects  with  those  arising  from  the 
varying  distances  of  different  parts  of  the  same  flash. 

2271.  Affected  by  the  zigzag  form  of  lightning,  —  Jt  appears 
to  us  that  the  varying  intensity  of  the  rolling  of  thunder  may 
also  be  very  clearly  and  satisfactorily  explained  by  the  zigzag 
form  of  the  flash,  combined  with  the  effect  of  the  varying  dis- 
tance; and  it  seems  extraordinary  that  an  explanation  so  ob- 
vious has  not  been  suggested.     Let  a,  b,  c,  d,  fig,  672.,  be  a 


o^'^ 


Fig.  672. 


part  of  a  zigzag  flash  seen  by  an  observer  at  o.  Taking  o  as  a 
centre,  suppose  arcs  c  c  and  b  3  of  circles  to  be  drawn,  with 
O  C  and  o  B  as  radii.  It  is  clear  that  the  points  c  and  c,  and 
B  and  b,  being  respectively  equally  distant  from  the  observer, 
the  sounds  produced  there  will  be  heard  simultaneously,  and, 
supposing  them  equal,  will  produce  the  perception  of  a  sound 
twice  as  loud  as  either  heard  alone  would  do.  All  the  points  on 
the  zigzag  cBcb  are  so  placed  that  three  of  them  are  equi- 
distant from  o.  Thus,  if  with  o  as  centre,  and  o  m  as  radius, 
a  circular  arc  be  described,  it  will  intersect  the  path  of  the 
lightning  at  the  three  points  m,  m',  and  m",  and  these  thr^  - 
points  being,  therefore,  at  the  same  distance  from  o,  the  sounds 
produced  at  them  will  reach  the  observer  at  the  same  moment, 
and  if  they  be  equally  intense  will  produce  on  the  ear  the  same 
effect  as  a  single  sound  three  times  as  loud.  The  same  will  be 
true  for  all  the  points  of  the  zigzag  between  c  and  b.  Thus,  in 
this  case,  supposing  the  intensity  of  the  lightning  to  be  uniform 
from  A  to  D,  there  will  be  three  degrees  of  loudness  in  the 
sound  produced,  the  least  between  A  and  c  and  between  b  and 
D,  the  greatest  between  c  and  b  along  the  zigzag,  and  the  inter* 
mediate  at  the  points  o  c  and  b  b. 
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It  is  evident,  that  from  the  infinite  variety  of  form  and  posi- 
tion with  relation  to  the  observer,  of  which  the  course  of  tlie 
lightning  is  susceptible,  the  variations  of  intensity  of  the  roll- 
ing of  thunder  which  may  be  explained  in  this  way  have  no 
limit 

2272.  Affected  by  the  varying  distance  of  different  parts  of 
the  flash, — Since  the  loudness  of  a  sound  diminishes  as  the 
square  of  the  distance  of  the  observer  is  increased  (844),  it  is 
clear  that  this  affords  another  means  of  ezphiining  the  varying 
loudness  of  the  rolling  of  thunder. 

2273.  Affected  by  echo  and  by  interference* — As  the  rolling 
of  thunder  is  much  more  varied  and  of  longer  continuance  in 
monntainoiis  regions  than  in  open  plane  countries,  it  is,  no 
doubt,  also  affected  by  reverberation  from  every  surface  which 
it  encounters  while  capable  of  reflecting  sound.  A  part  there- 
fore of  the  rolling  must  be  in  such  cases  the  effect  of  echo. 

It  has  been  also  conjectured  that  the  acoustic  effects  are 
modified  by  the  effects  of  interference  (836). 

2274.  Inductive  action  of  clovds  on  the  earth.  —  A  cloud 
charged  with  electricity,  whatever  be  the  quality  of  the  fluid  or 
the  state  of  the  atmosphere  around  it,  exercises  by  induction 
an  action  on  all  bodies  upon  the  earth's  surface  immediately 
under  it.  It  has  a  tendency  to  decompose  their  natural  elec- 
tricity, repelling  the  fluid  of  the  same  name,  and  attracting  to 
the  highest  points  the  fluid  of  a  contrary  name.  The  effects 
thus  actually  produced  upon  objects  exposed  to  such  induction 
will  depend  on  the  intensity  and  quality  of  the  electricity  with 
which  the  cloud  is  charged,  its  distance,  the  conductibility  of 
the  materials  of  which  the  bodies  affected  consist,  their  magni- 
tude, position,  and,  above  all,  their  form. 

Water  being  a  much  better  conductor  than  earth  in  any 
state  of  aggregation,  thunder  clouds  act  with  great  energy  on 
the  sea,  lakes,  and  other  large  collections  of  water.  The  flash 
has  a  tendency  to  pass  between  the  cloud  and  the  water,  just  as 
the  spark  passes  between  the  conductor  of  an  electric  machine 
and  the  hand  presented  to  it.  If  the  water  were  covered  with 
a  thin  sheet  of  glass,  the  lightning  would  still  pass,  breaking 
through  the  ghiss,  because,  although  the  glass  be  a  non- 
conductor, it  does  not  intercept  the  inductive  action  of  the 
cloud,  any  more  than  a  thin  glove  of  varnished  silk  on  the 
hand  would  intercept  the  spark  from  the  conductor. 
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2275.  Formation  of  fulgurites  explained, — This  explains  the 
fact  that  lightning  sometimes  penetrates  strata  of  the  solid 
ground  under  which  suhterranean  reservoirs  of  water  are 
found.  The  water  of  such  reservoirs  is  affected  hj  the 
inductive  action  of  an  electrified  cloud,  and  in  its  turn  reacts 
upon  the  cloud  as  one  coating  of  a  Lejden  jar  reacts  upon  the 
other.  When  this  mutual  action  is  sufficiently  strong  to  over* 
come  the  resistance  of  the  subjacent  atmosphere,  and  the  strata 
of  soil  under  which  the  subterranean  reservoir  lies,  a  discharge 
takes  place,  and  the  lightning  penetrates  the  strata,  fusing  the 
materials  of  which  it  is  composed,  and  leaving  a  tubular  hole 
with  a  hard  vitrefied  coating. 

Tubes  thus  formed  have  been  called  fulgurites^  or  thunder 
tubes. 

2276.  Accidents  of  the  surface  which  attract  lightning. — 
The  properties  of  points,  edges,  and  other  projecting  parts  of 
conductors,  which  have  been  already  stated  (1776),  will  render 
easily  intelligible  the  influence  of  mountains,  peaked  hills,  pro<* 
jecting  rocks,  trees,  lofty  edifices,  and  other  objects,  natural  and 
Artificial,  which  project  upwards  from  the  general  surface  of  the 
ground.  Lightning  never  strikes  the  bottom  of  deep  and  close 
valleys.  In  Switzerland,  on  the  slopes  of  the  Alps  and  Pyre- 
nees, and  in  other  mountainous  countries,  multitudes  of 
cultivated  valleys  are  found,  the  inhabitants  of  which  know  by 
secular  tradition  that  they  have  nothing  to  fear  from  thunder-^ 
storms.  If,  however,  the  width  of  the  valleys  were  so  great  as 
twenty  or  thirty  times  their  depth,  clouds  would  occasionally 
descend  upon  them  in  masses  sufficiently  considerable,  and  light- 
ning would  strike. 

Solitary  hills,  or  elevated  buildings  rising  in  the  centre  of  an 
extensive  plain,  are  peculiarly  exposed  to  lightning,  since  there 
are  no  other  projecting  objects  near  them  to  divert  its  course. 

Trees,  especially  if  they  stand  singly  apart  from  others,  are 
likely  to  be  struck.  Being  from  their  nature  more  or  less  im- 
pregnated with  sap,  which  is  a  conductor  of  electricity,  they 
attract  the  fluid,  and  are  struck. 

The  effects  of  such  objects  are,  however,  sometimes  modified 
by  the  agency  of  unseen  causes  below  the  surface.  The  condi- 
tion of  the  soil,  subsoil,  and  even  the  inferior  strata,  the  depth 
of  the  roots  and  their  dimensions,  also  exercise  considerable 
influence  on  the  phenomena,  so  that  in  the  places  where  ther^ 
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is  the  greatest  apparent  safety  there  is  often  the  greatest  danger. 
It  is,  nevertheless,  a  good  general  maxim  not  to  take  a  posi- 
lion  in  a  thunderstorm  either  under  a  tree  or  close  to  an  ele- 
vated building,  but  to  keep  as  much  as  possible  in  the  open 
plain. 

2277.  Lightning  follows  conductors  bg  preference,  —  Its  ef- 
fects on  buildings, — Lightning  falling  upon  buildings  chooses  by 
preference  the  points  which  are  the  best  conductors.  It  some- 
times strikes  and  destroys  objects  which  are  non-conductors, 
but  this  happens  generally  when  such  bodies  lie  in  its  direct 
course  towards  conductors.  Thus  lightning  has  been  found  to 
penetrate  a  wall  attracted  by  a  mass  of  metal  placed  within  it. 

Metallic  roofs,  beams,  braces,  and  other  parts  in  buildings, 
are  liable  thus  to  attract  lightning.  The  heated  and  rarefied 
air  in  chimneys  acquires  conductibility.  Hence  it  happens 
often  that  lightning  descends  chimneys,  and  thus  passes  into 
rooms.  It  follows  bell-wires,  metallic  mouldings  of  walls  and 
furniture,  and  fuses  gilding. 

2278.  Conductors  or  paratonnerres  for  the  protection  of  build' 
ings. — The  purpose  of  paratonnerres  or  conductors,  erected  for 
the  protection  of  buildings,  is  not  to  repel,  but  rather  to  attract 
lightning,  and  divert  it  into  a  course  in  which  it  will  be  in- 
noxious. 

A  paratonnerre  is  a  pointed  metallic  rod,  the  length  of  which 
varies  with  the  building  on  which  it  is  placed,  but  which  is  gene- 
rally from  thirty  to  forty  feet.  It  is  erected  vertically  over  the 
object  it  is  intended  to  protect.  From  its  base  an  unbroken 
series  of  metallic  bars,  soldered  or  welded  together  end  to  end, 
are  continued  to  the  ground,  where  they  are  buried  in  moist 
soil,  or,  better  still,  immersed  in  water,  so  as  to  facilitate  the 
escape  of  the  fluid  which  descends  upon  them.  If  water,  or 
moist  soil,  cannot  be  conveniently  found,  it  should  be  connected 
with  a  sheet  of  metal  of  considerable  superficial  magnitude, 
buried  in  a  pit  filled  with  pounded  charcoal,  or,  better  still, 
with  braise. 

The  parts  of  a  well-constructed  paratonnerre  are  repre- 
sented in  ^g,  673.  The  rod,  which  is  of  iron,  is  round  at  its 
base,  then  square,  and  decreases  gradually  in  thickness  to  the 
summit.  It  is  composed  commonly  of  three  pieces  closely 
jointed  together,  and  secured  by  pins  passed  transversely  through 
then^     In  the  figure  are  represented  only  the  two  ext^'emities 

D  5 


Digitized  by 


Google 


59 


METEOROLOGY. 


of  the  lowest,  and  those  of  the  intermediate  piece,  to  avoid  giving 
inconvenient  magnitude  to  the  diagram.  The  superior  piece,  g^ 
is  represented  complete.  It  is  a  rod  of  brass 
or  copper,  about  two  feet  in  length,  terminat- 
ing in  a  platinum  point,  about  three  inches 
long,  attached  to  liie  rod  by  silver  solder, 
which  is  further  secured  by  a  brass  ferule, 
which  gives  the  projecting  appearance  in 
the  diagram  below  the  point. 

Three  of  the  methods,  reputed  the  most 
efficient  for  attaching  the  paratonnerre  to 
the  roof,  are  represented  in  ^.  674.,  at  p,  l^ 
and  /.  At  p  the  rod  is  supported  against  a 
vertical  piece,  to  which  it  is  attached  by  stir- 
rups; at  /  it  is  bolted  upon  a  diagonal 
brace;  and  at /it  is  simply  secured  by  bolts  to 
a  horizontal  beam  through  which  it  passes* 
The  last  is  evidently  the  least  solid  method 
of  fixing  it. 

The  conductor  is  continued  downwards 
along  the  wall  of  the  edifice^  or  in  any  other 
convenient  course,  to  the  ground,  either  by 
bars  of  iron,  round  or  square,  or  by  a  cable  of 
iron  or  copper  wires,  such  as  is  sometimes 
used  for  the  lighter  sort  of  suspension 
bridges.  This  is  attached,  at  its  upper  ex* 
tremity,  to  the  base  of  the  paratonnerre  by 
a  joint,  which  is  hermetically  closed,  so  as 
to  prevent  oxydation,  which  would  produce 
a  dangerous  solution  of  continuity. 

To  comprehend  the  protective  influence  of 
this  apparatus,  it  must  be  considered  that  the 
inductive  action  of  a  thunder-cloud  decom- 
poses the  natural  electricity  of  the  rod  more 
energetically  than  that  of  surrounding  ob- 
jects, both  on  account  of  the  material  and  the 
form  of  the  rod  (1776).  The  point  becoming 
surcharged  with  the  fluid  of  a  contrary  name  from  that  of  the 
cloud  suspended  over  it,  discharge  ^^^^  ^^^^  ^^  ^  j®^  towards 
the  cloud,  where  it  combiQ^^^  «^i^  ^^^  neutralizes  an  equal 
quantity  of  the  electricity  ^||.      t^ch  the  cloud  is  charged,  and, 
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bj  the  continuance  of  this  process,  ultimately  reduces  the  cloud 
to  its  natural  state. 


Fig.  674. 

It  is  therefore  more  correct  to  saj  that  the  paratonnerre 
draws  electricitj  from  the  ground  and  projects  it  to  the  cloud, 
than  that  it  draws  it  from  the  cloud  and  transmits  it  to  the 
earth. 

It  is  evidently  desirable  that  all  conducting  bodies  to  be  pro- 
tected by  the  paratonnerre  should  be  placed  in  metallic  con- 
nexion with  it,  since  in  that  case  their  electricity,  decomposed 
by  the  inductive  action  of  the  clouds,  will  necessarily  escape  by 
the  conductor  either  to  the  earth  or  to  the  cloud  by  the  point. 

It  is  considered  generally  that  the  range  of  protection  of  a 
paratonnerre  is  a  circle  round  its  base,  whose  radius  is  two  or 
three  times  its  length. 

2279.  Effects  of  lightning  on  bodies  which  it  strikes.  —  The 
effects  of  lightning,  like  those  of  electricity  evolved  by  artificial 
means,  are  threefold,  physiological,  physical,  and  mechanical. 

When  lightning  kills,  the  parts  where  it  has  struck  bear  the 
marks  of  severe  burning ;  the  bones  are  often  broken  and 
crashed  as  if  they  had  been  subjected  to  violent  mechanical 
pressure.  When  it  acts  on  the  system  by  induction  only,  which 
is  called  the  secondary  or  indirect  shock,  it  does  not  immediately 
kill,  but  inflicts  nervous  shocks  so  severe  as  sometimes  to  leave 
effects  which  are  incurable. 

The  physical  effects  of  lightning  produced  upon  conductors 
is  to  raise  their  temperature.     This  elevation  is  sometimes  so 
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great  that  they  are  rendered  incandescent,  fused,  and  even 
burned.  This  happens  occasionally  with  bell-wires,  especially 
in  exposed  and  unprotected  positions,  as  in  courts  or  gardens. 
The  drops  of  molten  metal  produced  in  such  cases  set  fire  to 
any  combustible  matter  on  which  they  may  chance  to  falL 
Wood,  straw,  and  such  non-conducting  bodies  are  ignited  gene- 
rally by  the  lightning  drawn  through  them  by  the  attraction  of 
other  bodies  near  them  which  are  good  conductors. 

The  mechanical  effects  of  lightning,  the  physical  cause  of 
which  has  not  been  satisfactorily  explained,  are  very  extra- 
ordinary. Enormous  masses  of  metal  are  torn  from  their  sup- 
ports, vast  blocks  of  stone  are  broken,  and  massive  buildings 
are  razed  to  the  ground. 

2280.  The  Aurora  Borealis  —  the  phenomenon  unexplained, 
—  No  theory  or  hypothesis  which  has  commanded  general  ac- 
ceptation, has  yet  been  suggested  for  the  explanation  of  this 
meteor.  All  the  appearances  which  attend  the  phenomenon 
are,  however,  electrical ;  and  its  forms,  directions,  and  positions, 
though  ever  varying,  always  bear  a  remarkable  relation  to  the 
magnetic  meridians  and  poles.  Whatever,  therefore,  be  its 
physical  cause,  it  is  evident  that  the  theatre  of  its  action  is  the 
atmosphere ;  that  the  agent  to  which  the  development  is  due 
is  electricity,  influenced  in  some  unascertained  manner  by  ter-* 
restrial  magnetism.  In  the  absence  of  any  satisfactory  theory 
for  the  explanation  of  the  phenomenon,  we  shall  confine  our- 
selves here  to  a  short  description  of  it,  derived  from  the 
most  extensive  and  exact  series  of  observations  which  have  been 
made  in  those  regions  where  the  meteor  has  been  seen  with  the 
most  marked  characters  and  in  the  greatest  splendour. 

2281.  General  character  o/ the  meteor,  —  The  aurora  bore- 
alis is  a  luminous  phenomenon,  which  appears  in  the  heavens, 
and  is  seen  in  high  latitudes  in  both  hemispheres.  The  term 
aurora  borealis,  or  northern  lights,  has  been  applied  to  it  be- 
cause the  opportunities  of  witnessing  it  are,  from  the  geogra* 
phical  character  of  the  globe,  much  more  frequent  in  the 
northern  than  in  the  southern  hemisphere.  The  term  aurora 
polaris  would  be  a  more  proper  designation. 

This  phenomenon  consists  of  luminous  rays  of  various  colors, 
issuing  from  every  direction,  but  converging  to  the  same  point, 
which  appear  after  sunset  generally  toward  the  north,  occasion- 
ally toward  the  west,  and  sometimes,  but  rarely,  toward  the 
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south.  It  frequently  appears  near  the  horizon,  as  a  vague  and 
diffuse  light,  something  like  the  faint  streaks  which  harbinger 
the  rising  sun  and  form  the  dawn.  Hence  the  phenomenon  has 
derived  its  name,  the  northern  morning.  Sometimes,  however, 
it  is  presented  under  the  form  of  a  sombre  cloud,  from  which 
luminous  jets  issue,  which  are  often  variously  coloured,  and  illu- 
minate the  entire  atmosphere. 

The  more  conspicuous  auroras  commence  to  be  formed  soon 
after  the  close  of  twilight.  At  first  a  dark  mist  or  foggy 
cloud  is  perceived  in  the  north,  and  a  little  more  brightness 
towards  the  west  than  in  the  other  parts  of  the  heavens.  The 
mist  gradually  takes  the  form  of  a  circular  segment,  resting  at 
each  comer  on  the  horizon.  The  visible  part  of  the  arc  soon 
becomes  surrounded  with  a  pale  light,  which  is  followed  by  the 
formation  of  one  or  several  luminous  arcs.  Then  come  jets  and 
rays  of  light  variously  coloured,  which  issue  from  the  dark 
part  of  the  segment,  the  continuity  of  which  is  broken  by 
bright  emanations,  indicating  a  movement  of  the  mass,  which 
seems  agitated  by  internal  shocks,  during  the  formation  of 
these  luminous  radiations,  that  issue  from  it  as  flames  do 
from  a  conflagration.  When  this  species  of  fire  has  ceased, 
and  the  aurora  has  become  extended,  a  crown  is  formed  at  the 
zenith,  to  which  these  rays  converge.  From  this  time  the 
phenomenon  diminishes  in  its  intensity,  exhibiting,  never- 
theless, from  time  to  time,  sometimes  on  one  side  of  the 
heavens  and  sometimes  on  another,  jets  of  light,  a  crown  and 
colours  more  or  less  vivid.  Finally  the  motion*  ceases,  the 
light  approaches  gradually  to  the  horizon  ;  the  cloud  quitting 
the  other  parts  of  the  firmament  settles  in  the  north.  The 
dark  part  of  the  segment  becomes  luminous,  its  brightness 
being  greatest  near  the  horizon,  and  becoming  more  feeble 
as  the  altitude  augments  until  it  loses  its  light  altogether. 

The  aurora  is  sometimes  composed  of  two  luminous  seg- 
ments, which  are  concentric,  and  separated  from  each  other  by 
one  dark  space,  and  from  the  earth  by  another.  Sometimes, 
though  rarely,  there  is  only  one  dark  segment,  which  is  sym- 
metrically pierced  round  its  border  by  openings,  through  which 
light  or  fire  is  seen. 

2282.  Description  of  auroras  seen  in  the  polar  regions  by 
M,  Lottin.  —  One  of  the  most  recent  and  exact  descriptions 
of  this  meteor  is  the  following,  supplied  by  M.  Lottin,  an  officer 
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of  the  French  navy,  and  a  member  of  the  Scientific  Commis- 
sion, sent  some  years  ago  to  the  North  Seas.  Between  Sep- 
tember 1838  and  April  1839,  this  savant  observed  nearly  150 
meteors  of  this  class.  They  were  most  frequent  from  the  17th 
November  to  the  25th  January,  being  the  interval  during 
which  the  sun  remained  constantly  below  the  horizon.  During 
this  period  there  were  sixty-four  auroras  visible,  besides  many 
which  a  clouded  sky  conceieded  from  the  eye,  but  the  presence 
of  which  was  indicated  by  the  disturbances  they  produced 
upon  the  magnetic  needle. 

The  succession  of  appearances  and  changes  presented  by 
these  meteors  are  thus  described  by  M.  Lottin : — 

Between  four  and  eight  o'clock,  p.  m.,  a  light  f<^,  rising  to 
the  altitude  of  six  degrees,  became  coloured  on  its  upper  edge, 
being  fringed  with  the  light  of  the  meteor  rising  behind  it. 
This  border  becoming  gradually  more  regular  took  the  form  of 
an  arc,  of  a  pale  yellow  colour,  the  edges  of  which  were  difiuse, 
the  extremities  resting  on  the  horizon.  This  bow  swelled 
slowly  upwards,  its  vertex  being  constantly  on  the  magnetic 
meridian.  Blackish  streaks  divided  regularly  the  luminous 
arc,  and  resolved  it  into  a  system  of  rays  ;  these  rays  were 
alternately  extended  and  contracted ;  sometimes  slowly,  some- 
times instantaneously ;  sometimes  they  would  dart  out,  in- 
creasing and  diminishing  suddenly  in  splendour.  The  inferior 
parts,  or  the  feet  of  the  rays,  presented  always  the  most  vivid 
light,  and  formed  an  arc  more  or  less  regular.  The  length  of 
these  rays  \iras  very  various,  but  they  all  converged  to  that 
point  of  the  heavens  indicated  by  the  direction  of  the  southern 
pole  of  the  dipping  needle.  Sometimes  they  were  prolonged  to 
the  point  where  their  directions  intersected,  and  formed  the 
summit  of  an  enormous  dome  of  light. 

The  bow  then  would  continue  to  ascend  toward  the  zenith : 
it  would  suffer  an  undulatory  motion  in  its  light  —  that  is  to 
say,  that  from  one  extremity  to  the  other  the  brightness  of  the 
rays  would  increase  successively  in  intensity.  This  luminous 
current  would  appear  several  times  in  quick  succession,  and  it 
would  pass  much  more  frequently  from  west  to  east  than  in  the 
opposite  direction.  Sometimes,  but  rarely,  a  retrograde  motion 
would  take  place  immediately  afterward ;  and  as  soon  as  this 
wave  of  light  had  run  successively  over  all  the  rays  of  the 
aurora  from  west  to  east,  it  would  return,  in  the  contrary  di- 
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rectlon,  to  the  point  of  its  departure,  producing  such  an  effect 
that  it  was  impossible  to  saj  whether  the  rajs  themselves  were 
actually  affected  by  a  motion  of  translation  in  a  direction  nearly 
horizontal,  or  if  this  more  vivid  light  was  transferred  from  ray 
to  ray,  the  system  of  rays  themselves  suffering  no  change  of 
position.  The  bow,  thus  presenting  the  appearance  of  an  alter- 
nate motion  in  a  direction  nearly  horizontal,  had  usually  the 
appearance  of  the  undulations  or  folds  of  a  ribbon  or  flag  agi- 
tated by  the  wind.  Sometimes  one  and  sometimes  both  of  its 
extremities  would  desert  the  horizon,  and  then  its  folds  would 
become  more  numerous  and  marked,  the  bow  would  change  its 
character,  and  assume  the  form  of  a  long  sheet  of  rays  returning 
into  itself,  and  consisting  of  several  parts  forming  graceful 
curves.  The  brightness  of  the  rays  would  vary  suddenly,  some- 
times surpassing  in  splendour  stars  of  the  first  magnitude; 
these  rays  would  rapidly  dart  out,  and  curves  would  be  formed 
and  developed  like  the  folds  of  a  serpent ;  then  the  rays  would 
affect  various  colours,  the  base  would  be  red,  the  middle  green, 
and  the  remainder  would  preserve  its  clear  yellow  hue.  Such 
was  the  arrangement  which  the  colours  always  preserved ;  they 
were  of  admirable  transparency,  the  base  exhibiting  blood*red, 
and  the  green  of  the  middle  being  that  of  the  pale  emerald ; 
the  brightness  would  diminish,  the  colors  disappear,  and  all 
be  extinguished,  sometimes  suddenly,  and  sometimes  by  slow 
degrees.  After  this  disappearance,  fragments  of  the  bow  would 
be  reproduced,  would  continue  their  upward  movement,  and 
approach  the  zenith ;  the  rays,  by  the  effect  of  perspective, 
would  be  gradually  shortened ;  the  thickness  of  the  arc,  which 
presented  then  the  appearance  of  a  large  zone  of  parallel  rays, 
would  be  estimated ;  then  the  vertex  of  the  bow  would  reach 
the  magnetic  zenith,  or  the  point  to  which  the  south  pole  of  the 
dipping  needle  is  directed.  At  that  moment  the  rays  would  be 
seen  in  the  direction  of  their  feet.  If  they  were  coloured,  they 
would  appear  as  a  large  red  band,  through  which  the  green 
tints  of  their  superior  parts  could  be  distinguished  ;  and  if  the 
wave  of  light  above  mentioned  passed  along  them,  their  feet 
would  form  a  long  sinuous  undulating  zone ;  while,  throughout 
all  these  changes,  the  rays  would  never  suffer  any  oscillation  in 
the  direction  of  their  axis,  and  would  constantly  preserve  their 
mutual  parallelisms. 

While  these    appearances  are   manifested,  new  bows  are 
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formed,  either  commencing  in  the  same  diffuse  manner,  or 
with  vivid  and  ready-formed  rays:  they  succeed  each  other, 
passing  through  nearly  the  same  phases,  and  arrange  them- 
selves at  certain  distances  from  each  other.  As  many  as  nine 
have  been  counted,  forming  as  many  bows,  having  their  ends 
supported  on  the  earth,  and,  in  their  arrangement,  resembling 
the  short  curtains  suspended  one  behind  the  other  over  the 
scene  of  a  theatre,  and  intended  to  represent  the  sky.  Some- 
times the  intervals  between  these  bows  diminish,  and  two  op 
more  of  them  close  upon  each  other,  forming  one  large  zone, 
traversing  the  heavens,  and  disappearing  toward  the  south, 
becoming  rapidly  feeble  after  passing  the  zenith.  But  some- 
times, also,  when  this  zone  extends  over  the  summit  of  the 
firmament  from  east  to  west,  the  mass  of  rays  which  have 
already  passed  beyond  the  magnetic  zenith  appear  suddenly  to 
come  from  the  south,  and  to  form  with  those  from  the  north  the 
real  boreal  corona,  all  the  rays  of  which  converge  to  the  zenith. 
This  appearance  of  a  crown,  therefore,  is  doubtless  the  mere 
effect  of  perspective ;  and  an  observer,  placed  at  the  same 
instant  at  a  certain  distance  to  the  north  or  to  the  south,  would 
perceive  only  an  arc. 

The  total  zone,  measuring  less  in  the  direction  north  ancl 
south  than  in  the  direction  east  and  west,  since  it  often  leans 
upon  the  earth,  the  corona  would  be  expected  to  have  an  ellip-* 
tical  form ;  but  that  does  not  always  happen :  it  has  been  seen 
circular,  the  unequal  rays  not  extending  to  a  greater  distance 
than  from  eight  to  twelve  degrees  from  the  zenith,  while  &% 
other  times  they  reach  the  horizon. 

Let  it,  then,  be  imagined,  that  all  these  vivid  rays  of  light 
issue  forth  with  splendour,  subject  to  continual  and  sudden 
variations  in  their  length  and  .brightness ;  that  these  beautiful 
red  and  green  tints  colour  them  at  intervals ;  that  waves  of 
light  undulate  over  them ;  that  currents  of  light  succeed  each 
other ;  and,  in  fine,  that  the  vast  firmament  presents  one  im- 
mense and  magnificent  dome  of  light,  reposing  on  the  snow* 
covered  base  supplied  by  the  ground  —  which  itself  serves  as  a 
dazzling  frame  for  a  sea,  calm  and  black  as  a  pitchy  lake  —  and 
some  idea,  though  an  imperfect  one,  may  be  obtained  of  the 
splendid  spectacle  which  presents  itself  to  him  who  witnesses 
the  aurora  from  the  bay  of  Alten. 

The  corona,  when  it  is  formed,  only  lasts  for  some  minutes : 
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it  sometimes  forms  suddenly,  without  any  previous  bow.  There 
are  rarelj  more  than  two  on  the  snme  night ;  and  many  of  the 
auroras  are  attended  with  no  crown  at  all. 

The  corona  becomes  gradually  faint,  the  whole  phenomenon 
being  to  the  south  of  the  zenith,  forming  bows  gradually 
paler,  and  generally  disappearing  before  they  reach  the  south- 
em  horizon.  All  this  most  commonly  takes  place  in  the  first 
half  of  the  night,  after  which  the  aurora  appears  to  have  lost 
its  intensity:  the  pencils  of  rays,  the  bands  and  the  frag- 
ments of  bows,  appear  and  disappear  at  intervals ;  then  the 
rays  become  more  and  more  diffused,  and  ultimately  merge 
into  the  vague  and  feeble  light  which  is  spread  over  the 
heavens  grouped  like  little  clouds,  and  designated  by  the  name 
of  auroral  plates  (plagues  aurorales).  Their  milky  light  fre- 
quently undergoes  striking  changes  in  its  brightness,  like  mo- 
tions of  dilatation  and  contraction,  which  are  propagated 
reciprocally  between  the  centre  and  the  circumference,  like 
those  which  are  observed  in  marine  animals  called  Medusae. 
The  phenomena  become  gradually  more  faint,  and  generally 
disappear  altogether  on  the  appearance  of  twilight.  Some- 
times, however,  the  aurora  continues  after  the  commencement 
of  daybreak,  when  the  light  is  so  strong  that  a  printed  book 
may  be  read.  It  then  disappears,  sometimes  suddenly  ;  but  it 
often  happens  that,  as  the  daylight  augments,  the  aurora  be- 
comes gradually  vague  and  undefined,  takes  a  whitish  colour, 
and  is  ultimately  so  mingled  with  the  cirrho-stratus  clouds  that 
it  is  impossible  to  distinguish  it  from  them. 

Some  of  the  appearances  here  described  are  represented  in 
figs,  675,  676,  677,  678.,  copied  from  the  memoir  of  M.  Lottin. 


Fig.  675. 
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Fig  676 


Fig.  677. 


Fig.  678. 

There  is  great  difficulty  in  determining  the  exact  height  of 
the  aurora  borealis  above  the  earth,  and  accordingly  the 
opinions  given  on  this  subject  by  different  observers  are  widely 
discordant.  Mairan  supposed  the  mean  height  to  be  175 
French  leagues ;  Bergman  says  460,  and  Euler  several  thou- 
sand miles.  From  the  comparison  of  a  number  of  observations 
of  an  aurora  that  appeared  in  March,  1826,  made  at  different 
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places  in  the  north  of  England  and  sout^  of  Scotland,  Dr. 
Dalton,  in  a  paper  presented  to  the  Royal  Society,  computed 
its  height  to  be  about  100  miles.  But  a  calculation  of  this 
sort,  in  which  it  is  of  necessity  supposed  that  the  meteor  is 
seen  in  exactly  the  same  place  by  the  different  observers,  is 
subject  to  very  great  uncertainty.  The  observations  of  Dr. 
Richardson,  Franklin,  Hood,  Parry,  and  others,  seem  to  prove 
that  the  place  of  the  aurora  is  far  within  the  limits  of  the 
atmosphere,  and  scarcely  above  the  region  of  the  clouds ;  in 
fact,  as  the  diurnal  rotation  of  the  earth  produces  no  change 
in  its  apparent  position,  it  must  necessarily  partake  of  that  mo- 
tion, and  consequently  be  regarded  as  an  atmospherical  phe- 
nomenon. 
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ASTKONOMY. 


CHAPTER  I. 

METHODS   OP   INVESTIGATION   AND   MEANS  OF   OBSERVATION. 

2283.  The  solar  system,  —  The  earth,  which  in  the  economy  of 
the  universe  has  become  the  habitation  of  the  races  of  men,  is  a 
globular  mass  of  matter,  and  one  of  an  assemblage  of  bodies  of 
like  form  and  analogous  magnitude  which  revolve  in  paths 
nearly  circular  round  a  common  centre,  in  which  the  sun,  a 
globe  having  dimensions  vastly  greater  than  all  the  others,  is 
established,  maintaining  physical  order  among  them  by  his  pre- 
dominant attraction,  and  ministering  to  the  well-being  of  the 
tribes  which  inhabit  them  by  a  fit  and  regulated  supply  of  light 
and  heat. 

This  group  of  bodies  is  the  Solar  System. 

2284.  The  stellar  universe,  —  In  the  vast  regions  of  space 
which  surround  this  system  other  bodies  similar  to  the  sun  are 
placed,  countless  in  number,  and  most  of  them,  according  to  all 
probability,  superior  in  magnitude  and  splendour  to  that  lumi- 
nary. With  these  bodies,  which  seem  to  be  scattered  through- 
out the  depths  of  immensity  without  any  discoverable  limit,  we 
acquire  some  acquaintance  by  the  mere  powers  of  natural 
vision,  aided  by  those  of  the  understanding ;  but  this  knowledge 
has  received,  especially  in  modern  times,  prodigious  extension 
from  the  augmented  range  given  to  the  eye  by  the  telescope, 
and  by  the  great  advances  which  have  been  made  in  mathe- 
matical science,  which  may  be  considered  as  conferring  upon 
the  mind  the  same  sort  of  enlarged  power  as  the  telescope  has 
conferred  upon  the  eye. 
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2285.  Subject  of  astronomy  —  origin  of  the  name.  —  The 
investigation  of  the  magnitudes,  distances,  motions,  local  arrange- 
ments, and,  so  far  as  it  can  be  ascertained,  the  physical  con- 
dition of  these  great  bodies  composing  the  Universe,  constitutes 
the  subject  of  that  branch  of  science  called  Astronomy,  a  term 
derived  from  the  Greek  words  atmjp  (aster),  a  star  (under  which 
all  the  heavenly  bodies  were  included),  and  vo/ioc  (nomos),  a 
LAW  —  the  science  which  expounds  the  laws  which  govern  the 
motions  of  the  Stars. 

2286.  It  treats  of  inaccessible  objects,  —  It  is  evident,  there- 
fore, that  astronomy  is  distinguished  from  all  other  divisions  of . 
natural  science  by  this  peculiarity,  that  the  bodies  which  are  the 
subjects  of  observation  and  enquiry  are  all  of  them  inacces- 
sible. Even  the  earth  itself,  which  the  astronomer  regards  as 
a  celestial  object  —  an  aerrrfp,  —  is  to  him,  in  a  certain  sense^ 
even  more  inaccessible  than  the  others ;  for  the  very  fact  of  his 
place  of  observation  being  confined  strictly  to  its  surface,  an 
insignificant  part  of  which  alone  can  be  observed  by  him  at  any 
one  moment,  renders  it  impossible  for  him  to  examine,  by  direct 
observation,  the  earth  as  a  whole  —  the  only  way  in  which  he 
desires  to  consider  it,  —  and  obliges  him  to  resort  to  a  variety 
of  indirect  expedients  to  acquire  that  knowledge  of  its  dimen- 
sions, form,  and  motions  which,  with  regard  to  other  and  more 
distant  objects,  results  from  direct  and  immediate  observation. 

2287.  Hence  arise  peculiar  methods  of  investigation  and 
peculiar  instruments  of  observation,  —  This  circumstance  of 
having  to  deal  exclusively  with  inaccessible  objects  has  obliged 
the  astronomer  to  invent  peculiar  modes  of  reasoning  and  pe- 
culiar instruments  of  observation,  adapted  to  the  solution  of 
such  problems,  and  to  the  discovery  of  the  necessary  data. 
Much  needless  repetition  will  then  be  saved  by  explaining  once 
for  all,  with  as  much  brevity  as  is  compatible  with  clearness, 
the  most  important  classes  of  those  problems  which  determine 
the  circumstances  of  each  particular  celestial  object,  and  by  de- 
scribing the  principal  instruments  of  observation  by  which  the 
necessary  data  are  obtained. 

2288.  Direction  and  bearing  of  visible  objects,  —  The  eye 
estimates  only  the  direction  or  relative  bearings  of  objects 
within  the  range  of  vision,  but  supplies  no  direct  means  of 
determining  their  distances  from  each  other,  or  from  the  eye 
itself  (1168,  etseq.). 
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The  absolute  direction  of  a  visible  object  is  that  of  a  straight 
line  drawn  from  the  eye  to  the  object. 

The  relative  direction  or  bearing  of  an  object  is  determined 
by  the  angle  formed  by  the  absolute  direction  with  some  other 
fixed  or  known  direction,  such  as  tliat  of  a  line  drawn  to  the 
north,  south,  east,  or  west. 

2289.  They  supply  the  means  of  ascertaining  the  distances 
and  positions  of  inaccessible  objects,  —  By  comparing  the  rela- 
tive benrings  of  inaccessible  objects,  taken  from  two  or  more 
accessible  points  whose  distance  from  each  other  is  known,  or 
can  be  ascertained  by  actual  measurement,  the  distances  of  such 
inaccessible  objects  from  the  accessible  objects,  from  the  ob- 
server, and  from  each  other,  may  be  determined  by  computation. 
Such  distances  being  once  known,  become  the  data  by  which 
the  mutual  distances  of  other  inaccessible  objects  from  the 
former,  and  from  each  other,  may  be  in  like  manner  computed ; 
so  that,  by  starting  in  this  manner  from  two  objects  whose  mu- 
tual distance  can  be  actually  measured,  we  may  proceed,  by  a 
chain  of  computations,  to  determine  the  relative  distances  and 
positions  of  all  other  objects,  however  inaccessible,  that  fall 
within  the  range  of  vision. 

2290.  Angular  magnitude —  its  importance.  —  It  will  be  ap- 
parent, therefore,  that  angular  maonitude  plays  a  most  pro- 
minent part  in  astronomical  investigations,  and  it  is,  before 
all,  necessary  that  the  student  should  be  rendered  familiar 
with  it 

2291.  Division  of  the  circle  —  its  nomenclature,  —  A  circle  is 
divided  into  four  equal  arcs,  called  quadrants,  by  two  diameters 

A  a'  and  BB''  intersecting  at  right  angles 
at  the  centre  c,^^.  679. 

The  circumference  being  supposed  to 
be  divided  into  360  equal  parts,  each  of 
which  is  called  a  degree,  a  quadrant  will 
consist  of  90  degrees. 

Angles  are  subdivided  in  the  same  roan^ 

ner  as  the  arcs  which  measure  them,  and 

accordingly  a  right  angle,  such  as  a  c  u, 

Fig.  679.  being  divided  into  90  equal  angles,  each 

of  these  is  a  degree. 

If  an  angle  or  arc  of  one  degree  be  divided  into  60  equal 

parts,  each  of  these  is  called  a  minute. 
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If  an  angle  or  arc  of  one  minate  be  divided  into  60  equal 
parts,  each  such  part  is  called  a  second. 

Angles  less  than  a  second  are  usually  expressed  in  decimal 
parts  of  a  second. 

Degrees,  minutes,  and  seconds  are  usually  expressed  bj  the 
signs,  ^  ', '';  thus,  25**  SC  40"*9  means  an  angle  or  arc  which 
measures  25  degrees,  30  minutes,  40  seconds,  and  9-10th8  of  a 
second. 

The  letters  m  and  s  have  sometimes  been  used  to  express 
minutes  and  seconds;  but  since  it  is  frequently  necessary  to 
express  time  as  well  as  space,  it  will  be  more  convenient  to 
reserve  these  letters  for  that  purpose.  Thus,  25*  30*  40'-9 
expresses  an  interval  of  time  consisting  of  25  hours^  30  minutes, 
40  seconds,  and  9-lOths  of  a  second. 

2292.  Relative  magnitudes  of  arcs  of  T,  1',  andV\  and  the 
radius. — It  is  proved  in  geometry  that  the  length  of  the  en- 
tire circumference  of  a  circle  whose  radius  is  expressed  by  1*000 
exceeds  6*283  by  less  than  the  5000th  part  of  the  radius.  As 
the  exact  length  of  the  circumference  does  not  admit  of  any 
numerical  expression,  it  will  therefore  be  sufficient  for  all  prac- 
tical purposes  to  take  6*283  to  express  it. 

If  J,  Mj  and  s  express  respectively  the  actual  lengths  or 
Unear  values  of  a  degree,  a  minute,  and  a  second  of  a  circle  the 
length  of  whose  radius  is  expressed  by  r,  we  shall  therefore 
have  the  following  numerical  relations  between  these  several 
lengths: — 

60x«=iii,        60x»i=rf,        3600  x«=«^ 

360  J  =  6-283  r,         360  x  60  x  iii=21600  x  iii=6-283  x  r, 

21600  X  60  x*=  1296000  x«^  6*283  r; 

and  from  these  may  be  deduced  the  following: 

r=57*3  X  rf=3437-8  x  m= 206265  x  s. 

By  these  formulae  respectively  the  length  of  the  radius  may 
be  computed  when  the  linear  value  of  an  arc  of  1°,  T,  or  V  is 
known. 

In  like  manner,  if  the  length  of  the  radius  r  be  given,  the 
linear  value  of  an  arc  of  1®,  1',  or  1"  may  be  computed  by  the 
formulas 
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2293.  The  linear  and  angular  magnitude  of  an  arc. — By 
the  linear  magnitude  of  an  arc  is  to  be  understood  its  actual 
length  if  extended  in  a  straight  line,  or  the  number  expressing 
its  length  in  units  of  some  known  modulus  of  length,  such  aa 
an  inchy  a  foot^  or  a  mile.  By  its  angular  magnitude  is  to  be 
understood  the  angle  formed  by  two  lines  or  radii  drawn  to  its 
extremities  from  the  centre  of  the  circle  of  which  it  forms  a 
part,  or  the  number  expressing  the  magnitude  of  this  angle 
in  angular  units  of  known  value,  as  degrees,  minutes,  and 
seconds. 

2294.  Of  the  three  foUounng  quantities, — the  linear  value  of 
an  arc,  its  angular  value,  and  the  length  of  the  radius, — any 
two  being  given,  the  third  may  be  computed.  —  Let  a  ex- 
press the  angular  and  a  the  linear  value  of  the  arc,  and  r  the 
radius. 

1^  Let  a  and  a  be  given  to  compute  r.  By  dividing  a  by  a 
we  shall  find  the  linear  value  of  1®,  1',  or  1",  according  as  a  is 
expressed  in  degrees,  minutes  or  seconds,  and  r  may  then  be 
computed  by  (2293).  Thus,  according  to  the  angular  units  in 
which  a  is  expressed,  we  shall  have 

r=  •%  X  57-3=  ^  X  3437-8=  ~  x  206265. 
or  a'  a 

2**.  Let  a  and  r  be  given  to  compute  a.  By  (2293)  the  linear 
values  of  1^  1',  or  V^  may  be  computed,  since  r  is  given,  and  by 
dividing  a  by  one  or  other  of  these  values  a  will  be  found :  thus 
we  shall  have 


^'t 


^^  TriTH^^**  sWizt'^^ 


3^  Let  a  and  r  be  given  to  compute  a.  By  (2293),  as  before, 
the  linear  values  of  1%  1',  or  1"  may  be  found,  and  by  multiply- 
ing one  or  other  of  these  by  a  the  value  of  a  will  be  obtained. 
Thus  we  shall  have 

«=^,i  «  X ^ >< a°=^,^^  ^  X r  X a=--^^-^  xrx a". 
57-3  3437-8  206265 

2295.  The  arc,  the  cord,  and  the  sine  may  be  considered  as 
equal  when  the  angle  is  small. — If  A  c  ^yjig.  680.,  be  the  angle, 
A  B  the  arc,  and  a  c=a  b  the  radius,  a  line  a  d  drawn  from  one 
extremity  of  the  arc  perpendicular  ^  ^^^  radius  a  b,  through 
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Fig.  680. 


the  other  extremity,  is  called  its  sine  ;  and  the 
straight  line  A  b  joining  the  extremities  of  the 
arc  is  called  its  cord. 

It  will  be  evident  by  merely  drawing  the 
diagram  with  a  gradually  decreasing  angle, 
that  the  three  lengths,  the  sine  a  d,  the  cord 
A  B,  and  the  arc  a  b,  will  approach  to  equality 
as  the  arc  diminishes.  Even  where  the  arc  is 
so  large  as  30°,  it  does  not  exceed  the  length 
of  the  cord  by  more  than  three-tenths  of  a 
degree ;  and  therefore,  for  all  angles  less  than 
this,  the  cord  and  arc  may  be  considered  as 
equal  where  the  most  extreme  precision  is  not 
required. 

In  like  manner,  if  the  angle  a  c  b  be  15°, 
the  sine  a  d  will  be  less  than  the  arc  by  only 
two-tenths  of  a  degree,  that  is,  by  the  75th 
part  of  the  entire  length  of  the  arc.  In  all  cases,  therefore, 
where  greater  precision  than  this  is  not  required,  the  sine  a  d, 
the  cord,  and  the  arc  may  be  considered  for  such  angles  as 
interchangeable. 

When  the  angles  are  so  small  as  a  degree  or  two,  these  quan- 
tities may  for  all  practical  purposes  be  considered  to  be  equal. 

2296.  To  ascertain  the  distances  of  an  inaccessible  object  from 
two  accessible  stations. — This,  which  is  a  problem  of  the  highest 
importance,  being  in  fact  the  basis  of  all  the  knowledge  we 
possess  of  the  distances,  dimensions,  and  motions  of  the  great 
bodies  of  the  universe,  admits  of  easy  solution. 

Let  s  and  ^'yjig*  681.,  be  the  two  sta- 
tions, and  o  the  object  of  observation ; 
and  let  the  visual  angles  subtended  by  o 
and  s'  at  s,  and  by  o  and  s  at  s',  be  ob- 
served, and  the  distance  s  s''  measured. 

Take  a  line  «/,  consisting  of  as  many 
inches  as  there  are  miles  in  ss',  and 
draw  two  lines  s  o  and  sfo  from  s  and  s\ 
making  with  ssf  the  same  angles  as  so 
and  s'  o  are  ascertained  by  observation 
Fig.  681.  to  make  with  s  s'.    In  that  case  the  tri- 

angle #0^  will  be  in  all  respects  similar  to  the  triangle  sos',  only 
drawn  on  a  smaller  scale,  an  inch  in  any  of  its  sides  corresponding 
ni.  £ 
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to  a  mile  in  one  of  the  sides  of  the  great  triangle  s  o  s'.  If  the 
sides  8  o  and  ^  o  be  therefore  measured,  thej  will  consist  of  as 
many  inches  as  there  are  miles  in  the  corresponding  sides  s  o 
and  s'  o  of  the  great  triangle.  Now,  since  the  small  triangle  is 
always  accessible  to  direct  measurement,  and  as  the  relation  of 
its  scale  to  that  of  the  great  triangle  is  known,  the  magnitude 
of  the  sides  of  the  great  triangle  may  be  ascertained. 

Without  being  identical  in  its  actual  details  with  the  process 
by  which  this  problem  is  solved,  the  preceding  reasoning  is  the 
same  in  principle  and  spirit.  Trigonometrical  tables  supply 
much  more  accurate  means  of  determining  the  proportion  of 
the  sides  of  the  triangle,  but  such  tables  are  nothing  more  than 
the  arithmetical  representation  of  such  diagrams  2&fig,  681. 

2297.  Case  in  which  the  distance  of  the  object  is  great  rc- 
latively  to  the  distance  between  the  stations,  — 1£  in  this  case 
the  stations  be  so  selected  with  reference  to  the  object  that 
the  directions  of  the  object  as  seen  from  them  shall  form 
angles  with  the  line  joining  the  stations  which  shall  be  equal 
or  nearly  so,  this  latter  line  may  be  considered  os  the  cord 
of  the  arc  described,  with  the  object  as  a  centre  and  the  dis- 
tance as  a  radius ;  and  if  the  direction  of  the  object  from 
either  station  be  at  right  angles  to  the  line  joining 
the  stations,  this  latter  line  may  be  considered  as 
the  sine  of  the  arc.  In  either  case,  the  distance 
of  the  object  bearing  a  high  ratio  to  the  distance 
between  the  stations,  the  angle  formed  by  the  two 
directions  of  the  object,  as  seen  from  the  stations, 
will  be  so  small,  that  the  cord  or  sine  may  be  con- 
sidered as  equal  to  the  arc,  and  the  solution  of 
the  problem  will  be  simplified  by  the  principles 
established  in  (2295). 

Let  s  and  s%^>  682.,  be  the  stations,  and  o  the 

object ;  under  the  conditions  supposed  the  angle  o 

will  necessarily  be  small.     Its  magnitude  may  be 

ascertained  by  measuring  the  visual  angles  o  s  s'' 

and  o  s'  s,  which  may  be  done,  since  both  stations  s 

and  s'  are  accessible,  and  each  of  them  is  visible 

from  the  other.     By  a  well-known  principle  esta- 

l  j;  blished  in  elementary  geometry,  the  three  angles 

Fig.  682.       of  every  triangle  added  together  make  180**.     If, 

therefore,  the  sum  of  the  two  observed  angles  at  s  and  s'  be 
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subtracted  from  180°,  the  remaioder  will  be  the  angle  o.  Now 
if  this  angle  be  expressed  bj  a  in  seconds,  we  shall  have 
(2294) 

S  O  =  S8'    X    ,, . 

Ob 

2298.  Given  the  apparent  distance  between  ttoo  distant  ob- 
jectSy  such  distance  being  at  right  angles^  or  nearly  so^  to  their 
visual  directionSy  and  their  distance  from  the  observer ^  to  find 
the  €u;tual  distance  between  them, — This  problem  is  onlj  a  par- 
ticular application  of  the  general  principle  explained  in  (2294), 
a  being  the  apparent  distance  of  the  objects,  a  the  real  dis- 
tance between  them,  and  r  their  distance  from  the  observer. 

This  method  may  be  applied  without  practical  error,  if  the 
apparent  distance  between  the  objects  be  not  greater  than  two 
or  three  degrees,  and  it  may  be  used  as  a  rough  approximation 
in  cases  where  the  apparent  distance  is  even  so  great  as  30°. 
When  the  apparent  distance  amounts  to  so  much  as  60°,  the 
actual  distance  computed  in  this  way  will  not  exceed  the  true 
distance  by  more  than  a  24th  part  of  its  whole  amount ;  for  the 
cord  of  60°  is  equal  to  the  radius,  and  therefore  to  an  arc  of  57°*3, 
being  less  than  the  arc  by  only  2°-7,  or  about  a  24th  part  of  its 
length. 

2299.  Given  the  apparent  diameter  of  a  spherical  object  and 
its  distance  from  the  observer,  to  find  its  real  diameter* — This  is 
also  a  particular  application  of  the  general  problem  (2294),  a 
being  the  apparent  diameter  and  r  the  distance,  and  in  all  cases 
which  occur  in  astronomy  the  apparent  diameters  are  so  small 
that  the  results  of  the  computation  may  be  considered  as  per- 
fectly exact. 

2300.  Methods  of  ascertaining  the  direction  of  a  visible  and 
distant  object,  —  It  might  appear  an  easy  matter  to  observe  the 
exact  direction  of  any  point  placed  within  the  range  of  vision, 
since  that  direction  must  be  that  of  a  straight  line  passing  di- 
rectly from  the  eye  of  the  observer  to  the  point  to  be  observed. 
If  the  eye  were  supplied  with  the  appendages  necessary  to 
record  and  measure  the  directions  of  visible  objects,  this  would 
be  true,  and  the  organ  of  sight  would  be  in  fact  a  philosophical 
instrument.  The  eye  is,  however,  adapted  to  other  and  different 
uses,  and  constructed  to  play  a  different  part  in  the  animal 
economy ;  and  invention  has  been  stimulated  to  supply  expe- 
dients, by  means  of  which  the  exact  directions  of  visible  distant 
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points  can  be  ascertained,  observed,  and  compared  one  with 
another,  so  as  to  supply  the  various  data  necessary  in  the  classes 
of  problems  which  have  just  been  noticed,  and  others  which  we 
shall  have  occasion  hereafter  to  advert  to. 

2301.  Use  of  sights.  —  The  most  simple  expedient  by  which 
the  visual  direction  of  a  distant  point  can  be  determined  is  by 
SIGHTS,  which  are  small  holes  or  narrow  slits  made  in  two  thin 
opaque  plates  placed  at  right  angles,  or  nearly  so,  to  the  Une  of 
vision,  and  so  arranged,  that  when  the  eye  is  placed  behind 
the  posterior  opening  the  object  of  observation  shall  be  visible 
through  the  anterior  opening.  Every  one  is  rendered  familiar 
with  this  expedient  by  its  application  to  fire-arms  as  a  method 
of  "  taking  aim.*' 

This  contrivance  is,  however,  too  rude  and  susceptible  of 
error  within  too  wide  limits,  to  be  available  for  astronomical 
purposes. 

2302.  Application  of  the  telescope  to  indicate  the  visual  di- 
rection of  micrometric  wires, — The  telescope  (1212)  supplies 
means  of  determining  the  direction  of  the  visual  ray  with  all 
the  necessary  precision. 

If  T  t',  fig,  683.,  represent  the  tube  of  a  telescope,  t  the  ex-» 


Fig.  683. 

tremity  in  which  the  object-glass  is  fixed,  and  t'  the  end  where 
the  images  of  distant  objects  to  which  the  tube  is  directed  are 
formed,  the  visual  direction  of  any  object  will  be  that  of  the 
line  s'  c  drawn  from  the  image  of  such  object  formed  in  the 
field  of  view  of  the  telescope  to  the  centre  c  of  the  object-glass, 
for  if  this  line  be  continued  it  will  pass  through  the  object  s. 

But  since  the  field  of  view  of  the  telescope  is  a  circular  space 
of  definite  extent,  within  which  many  objects  in  different  di- 
rections may  at  the  same  time  be  visible,  some  expedient  is 
necessary  by  which  one  or  more  fixed  points  in  it  may  be  per- 
manently marked,  or  by  which  the  entire  field  may  be  spaced 
out  as  a  map  is  by  the  lines  of  latitude  and  longitude. 

This  is  accomplished  by  a  system  of  fibres,  or  wires  (38)  so 
thin  that  even  when  magnified  they  will  appear  like  hairs. 
These  are  extended  in  a  frame  fixed  within  the  eye-piece  of  the 
telescope,  so  that  they  appear  when  seen  through  the  eye-glass 
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like  fine  lines  drawn  across  the  field  of  view.  They  are  diffe- 
rently arranged,  according  to  the  sort  of  observation  to  which 
the  instrument  is  to  be  applied. 

2303.  Line  of  collimation, — In  some  cases  two  wires  inter- 
sect at  right  angles  at  the  centre  of  the  field  of  view,  dividing 
it  into  quadrants,  as  represented  in^.  679.  The  wires  are  so 
adjusted  that  their  point  of  intersection  c  coincides  with  the 
axis  of  the  telescopic  tube;  and  when  the  instrument  is  so 
adjusted  that  the  point  of  observation,  a  star  for  example,  is 
seen  precisely  upon  the  intersection  c  of  the  wires,  the  line  of 
direction,  or  visual  ray  of  that  star,  will  be  the  line  «'c,^^.683., 
joining  the  intersection  C,^<7.679.,  of  the  wires  with  the  centre 
Cyjig.  683.  of  the  object-glass« 

The  line  *'c,^^.  683.,  is  technically  called  the  line  of  coU 
Umation. 

2304.  Application  of  the  telescope  to  a  graduated  instrument, 
—  The  telescope  thus  prepared  is  attached  to  a  graduated 
instrument  by  which  angular  magnitudes  can  be  observed  and 
measured.  Such  instruments  vary  infinitely  in  form,  mag- 
nitude, and  mode  of  mounting  and  adjustment,  according  to 
the  purposes  to  which  they  are  applied,  and  to  the  degree  of 
precision  necessary  in  the  observations  to  be  made  with  them. 
To  explain  and  illustrate  the  general  principles  on  which  they 
are  constructed  we  shall  take  the  example  of  one,  which 
consists  of  a  complete  circle  graduated  in  the  usual  manner, 
being  the  most  common  form  of  instrument  used  in  astronomy 
for  the  measurement  of  angular  distances. 

Such  an  apparatus  is  represented  in  fig.  684.     The  circle 


Fig.  684. 

A  B  c  D,  on  which  the  divisions  of  the  graduation  are  accurately 
engraved,  is  connected  with  its  centre  by  a  series  of  spokes 
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xyz.  At  its  centre  is  a  circular  hole,  in  which  an  axle  is 
inserted  so  as  to  turn  smoothly  in  it,  and  while  it  tarns  to  be 
always  concentric  with  the  circle  A bcd.  To  this  axle  the 
telescope  a  &  is  attached  in  such  a  manner  that  the  imaginary 
Hne  ^^  c,  fiff.  683.,  which  joins  the  intersection  of  the  wires, 
Jig.  679.,  with  the  centre  of  the  object-glass,  shall  be  parallel  to 
the  plane  of  the  circle,  and  in  a  plane  passing  through  its  centre 
and  at  right  angles  to  it. 

At  right  angles  to  the  axis  of  the  telescope  are  two  arms, 
9ft  n,  which  form  one  piece  with  the  tube,  so  that  when  the  tube 
is  turned  with  the  axis  to  which  it  is  attached,  the  arms  tn  n 
shall  turn  also,  always  preserving  their  direction  at  right 
angles  to  the  tube.  Marks  or  indices  are  engraved  upon  the 
extremities  m  and  n  of  the  arms  which  point  to  the  divisions 
upon  the  limb  (as  the  divided  arc  is  called). 

A  clamp  is  provided  on  the  instrument,  by  which  the  tele- 
scope, being  brought  to  any  desired  position,  can  be  fixed  im* 
moveably  in  that  position,  while  the  observer  examines  the  points 
upon  the  limb  to  which  the  indices  m  and  n  are  directed. 

Now  let  us  suppose  that  the  visual  angle  under  the  direc- 
tions of  two  distant  objects  within  the  range  of  vision  is 
required  to  be  measured.  The  circle  being  brought  into  the 
plane  of  the  objects,  and  fixed  m  it,  the  telescope  is  moved 
upon  its  axis  until  it  is  directed  to  one  of  the  objects,  so  that 
its  image  shall  coincide  exactly  with  the  intersection  of  the 
wires.  The  telescope  is  then  clamped,  and  the  observer 
examines  the  points  of  the  divided  limb,  to  which  one  of  the 
indices,  m  for  example,  is  directed.  This  process  is  called 
'^  reading  off."  The  clamp  being  disengaged,  the  telescope  is 
then  in  like  manner  directed  to  the  other  object,  and  being 
clamped  as  before,  the  position  of  the  index  is  "read  off." 
The  difference  between  the  numbers  which  indicate  the 
position  of  the  same  index  in  both  cases,  will  evidently  be  the 
visual  angle  under  the  directions  of  the  two  objects. 

As  a  means  of  further  accuracy,  both  the  indices  m  and  n 
may  be  "  read  off,"  and  if  the  results  differ,  which  they  always 
will  slightly,  owing  to  various  causes  of  error,  a  mean  of  the 
two  may  be  taken. 

It  is  evident  that  the  same  results  would  be  obtained  if, 
instead  of  making  the  telescope  move  upon  the  circle,  it  were 
immoveably  attached  to  it,  and  that  the  circle  itself  turned 
upon  its  centre,  as  a  wheel  does  upon  its  axle^  carrying  the 
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telescope  with  it.  In  this  case  the  divided  limb  of  the  circle  is 
made  to  move  before  a  fixed  index,  and  the  angle  under  the 
directions  of  the  objects  will  be  measured  hj  the  length  of  the 
arc  which  passes  befcnre  the  index. 

Such  a  combination  is  represented  in  section  in  ^.  685., 


Fig.  685. 
where  t  is  the  telescope,  p  the  pieces  by  which  it  is  attached  to 
the  circle  a  b  seen  edgewise,  the  axis  of  which  d  works  in  a 
solid  block  of  metal.     The  fixed  index  f  is  directed  to  the  gra- 
duated limb  which  moves  before  it. 

This  is  the  most  frequent  method  of  mounting  instruments 
used  in  astronomy  for  angular  measurement. 

2305.  Expedients  for  meastiring  the  fraction  of  a  division, — 
It  will  happen  in  general  that  the  index  will  be  directed,  not 
to  any  exact  division,  but  to  some  point  intermediate  between 
two  divisions  of  the  limb.  In  that  case  expedients  are  provided 
by  which  the  fraction  of  a  degree  between  the  index,  and  the 
last  division  which  it  has  passed,  may  be  ascertained  with  an 
extraordinary  degree  of  precision. 

2306.  By  a  vernier,  —  This  may  be  accomplished  by  means 
of  a  supplemental  scale  called  a  Vernier,  already  described 
(1354). 

2307.  By  a  compound  microscope^  and 
micrometric  screw, — The  same  object  may, 
however,  be  attained  with  far  greater 
accuracy  by  means  of  a  compound  micro- 
scope mounted  as  represented  in^^.  686.,  so 
that  the  observer  looks  at  the  index  through 
it.  A  system  of  cross  wires  is  placed  in  the 
field  of  view  of  the  microscope,  and  the  whole 
may  be  so  adjusted  by  the  action  of  a  fine 
screw,  that  the  index  shall  coincide  precisely 

K  4 


Fig.  686. 
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with  the  intersection  of  the  wires.  The  screw  is  then  turned 
until  the  intersection  of  the  cross  is  brought  to  coincide  with 
the  previous  division  of  the  limb ;  and  the  number  of  turns  and 
fraction  of  a  turn  of  the  screw  will  give  the  fraction  of  a  degree 
between  the  index  and  the  previous  division  of  the  limb. 

It  is  necessary,  however,  to  ascertain  previously  the  value  of 
a  complete  revolution  of  the  screw.  This  is  easily  done  by 
turning  the  screw  on  which  the  intersection  of  the  cross  is  moved 
from  one  division  to  the  adjacent  one.  Dividing,  then,  one 
degree  of  the  limb  by  the  number  of  turns  and  fraction  of  a 
turn,  the  arc  which  corresponds  to  one  complete  turn  will  be 
found. 

2308.  Observation  and  measurement  of  minute  angles, — 
When  the  points  between  which  the  angular  distance  required 
to  be  ascertained  are  so  close  together  as  to  be  seen  at  one  and 
the  same  time  within  the  field  of  view  of  the  telescope,  a  method 
of  measurement  is  applic^tble,  which  admits  of  even  greater 
relative  accuracy  than  do  the  methods  of  observing  large  angular 
distances.  This  arises  from  the  fact  that  the  distance  between 
such  points  may  be  determined  by  various  forms  of  micrometric 
instruments,  in  which  fine  wires,  or  lines  of  spider's  web,  are 
moved  in  a  direction  perpendicular  to  tlieir  length,  so  as  to  pass 
successively  through  the  points  whose  distance  is  to  be  ob- 
served. 

2309.  The  parallel  wire  micrometer,  —  One  of  the  forms  of 
micrometric  apparatus  used  for  this  purpose  is  represented  in 
transverse  section  in  ^^.687.     This,  which  is  called  the  pa- 


-A. F" 

Fig.  687. 

RALLEL  WIRE  MICROMETER,  consists  of  two  sliding  framcs,  across 
which  the  parallel  wires  or  threads  c  and  D  are  stretched. 
These  frames  are  both  moved  in  a  direction  perpendicular  to 
that  of  the  wires  by  screws,  constructed  with  very  fine  threads, 
and  called  from  their  use  micrometer  screws.  This  frame  is 
placed  in  the  focus  of  the  object-glass  of  the  telescope,  so  that 
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the  eye  viewing  the  objects  under  observation  sees  also  dis- 
tinctly the  parallel  and  moveable  wires.  These  wires  are 
moved  by  the  screws  until  they  pass  through  the  points  whose 
distance  asunder  is  to  be  measured.  This  being  accomplished, 
one  of  them  is  moved  until  it  coincides  with  the  other,  and  the 
number  of  turns  and  parts  of  a  turn  of  the  screw  necessary  to 
produce  this  motion  gives  the  angular  distance  between  the 
points  under  observation. 

In  this,  as  in  the  case  explained  in  (2307),  it  is  necessary  that 
the  angle  corresponding  to  one  complete  revolution  of  the  screw 
be  previously  ascertained,  and  this  is  done  by  a  process  precisely 
similar  to  that  explained  in  the  former  case.  An  object  of 
known  angular  magnitude,  as,  for  example,  a  foot  rule  at  the 
distance  of  a  hundred  yards,  is  observed,  and  the  number  of 
turns  necessary  to  carry  the  wire  from  end  to  end  of  its  image 
is  ascertained.  The  angle  such  a  rule  subtends  at  that  distance 
being  divided  by  the  number  of  turns  and  parts  of  a  turn,  the 
quotient  is  the  angle  corresponding  to  one  complete  revolution 
of  the  screw. 

2310.  Measurement  of  the  apparent  diameter  of  an  object — 
When  an  object  is  not  too  great  to  be  included  in  the  field  of 
view  of  the  telescope,  its  apparent  diameter  (1117)  can  be  mea- 
sured by  such  an  apparatus.  To  accomplish  this  the  screws 
are  turned  until  the  wires  c  and  i>,fig»  687.,  are  made  to  touch 
opposite  sides  of  the  disk  of  the  object.  One  of  the  screws  is 
then  turned  until  the  wires  coincide,  and  the  number  of  turns 
and  parts  of  a  turn  gives  the  apparent  magnitude. 


CHAP.  n. 

THE   GENERAL  ROTUNDITT  AND  DIMENSIONS  OP  THE  EARTH. 

?311.  The  earth  a  station  from  which  the  universe  is  ob- 
served. —  The  earth  is,  in  various  points  of  view,  an  interest- 
ing object  of  scientific  investigation.  The  naturalist  regards  it 
as  the  habitation  of  the  numerous  tribes  of  organized  beings 
which  are  the  special  subject  of  his  observation  and  inquiry, 
and  examines  curiously  those  properties  and  qualities  of  soil, 
climate,  and  atmosphere,  by  which  it  is  fitted  for  their  main-* 
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tenance  and  propagation,  and  the  conditions  which  govern  their 
distribution  over  its  surface.  The  geologist  and  mineralogist 
regard  it  as  the  theatre  of  vast  physical  operations  continued 
through  periods  of  time  extending  infinitely  beyond  the  records 
of  human  history,  the  results  of  which  are  seen  in  the  state  of 
its  crust.  The  astronomer,  rising  above  these  details,  regards  it 
as  a  whole,  examines  its  form,  investigates  its  motions,  mea- 
sures its  magnitude,  and,  above  all,  considers  it  as  the  station 
from  which  alone  he  can  take  a  survey  of  that  univei'se  which 
forms  the  peculiar  object  of  his  study,  and  as  the  only  mo- 
dulus or  standard  by  which  the  magnitudes  of  all  the  other 
bodies  in  the  universe,  and  the  distances  which  separate  them 
from  the  earth  and  from  each  other,  can  be  measured. 

2312.  Necessary  to  ascertain  its  formy  dimensions^  and 
motions,  —  But  since  the  apparent  magnitudes,  motions,  and 
relative  arrangement  of  surrounding  objects  severally  vary,  not 
only  with  every  change  in  the  position  of  the  station  of  the 
observer,  but  even  with  every  change  of  position  of  the  ob- 
server on  that  station,  it  is  most  necessary  to  ascertain  with  all 
attainable  accuracy  the  dimensions  of  the  earth,  which  is  the 
station  of  the  astronomical  observer,  ite  form,  and  the  changes 
of  position  in  relation  to  surrounding  objects  to  which  it  is 
subject. 

2313.  Form  globular. — The  first  impression  produced  by 
the  aspect  presented  by  the  surface  of  the  earth  is  that  of  a  vast 
indefinite  plane  surface,  broken  only  by  the  accidents  of  the 
ground  on  land,  such  as  hills  and  mountains,  and  by  the  more 
mutable  forms  due  to  the  agitation  of  the  fiuid  mass  on  the  sea. 
Even  this  departure  from  the  appearance  of  an  extensive  plane 
surface  ceases  on  the  sea  out  of  sight  of  land  in  a  perfect  calm, 
and  on  certain  planes  of  vast  extent  on  land,  such  as  some  of  the 
prairies  of  the  American  continents. 

This  first  impression  is  soon  shown  to  be  fallacious ;  and  it  is 
easily  demonstrated  that  the  immediate  indications  of  the  un- 
aided sense  of  vision,  such  as  they  are,  are  loosely  and  incor- 
rectly interpreted,  and  that,  in  fact,  even  that  small  part  of  the 
earth's  surface  which  falls  at  once  within  the  range  of  the  eye 
in  a  fixed  position  does  not  appear  to  be  a  plane. 

Supposing  that  any  extensive  part  of  the  surface  of  the  earth 
were  really  a  plane,  let  several  stakes  or  posts,  of  equal  height, 
be  erected  along  the  same  straight  line,  and  at  equid  distances. 


Digitized  by 


Google 


DIMENSKM^S  OF  THE  EARTH. 


83 


saj  a  mile  apart.  Let  these  stakes  be  represented  by  8«,  s'  i^»  if'  fl'^ 
&c.y  Jig,  688.^  and  let  a  stake  of  equid  height  o  o  be  erected  at 


Fig.  68& 

the  station  of  the  observer.  Now  if  the  surface  were  a  plane,  it 
is  evident  that  the  points  «,  fly  /',  &c  must  appear  to  an  eje 
placed  at  o  in  the  same  visual  line,  and  would  each  be  visible 
through  a  tube  directed  at  o  parallel  to  the  surface  o  s.  But 
such  will  not  be  found  to  be  the  case.  When  the  tube  is  di* 
rected  to  s,  all  the  succeeding  points  »\  /',  &c.  will  be  heUno 
its  direction.  If  it  be  directed  to  ^^  the  point  $  will  be  ahovt^ 
and  ff'  and  all  the  succeeding  points  will  be  belou)  its  direction. 
In  like  manner,  if  it  be  directed  to  s'\  the  preceding  points  i  and 
y  will  be  o^ore,  and  the  succeeding  points  heUno  its  direction. 
In  effect  it  will  appear  as  though  each  succeeding  stake  were  a 
little  shorter  than  the  preceding  one.  But  as  the  stakes  are  all 
precisely  equal,  it  must  be  inferred  that  the  successive  points  of 
the  surface  s,  s',  s",  s'",  &c.  are  relatively  lower  than  the  station 
o.  Nor  will  the  effects  be  explained  by  the  supposition  that  the 
surface  o  s  s'  s'',  &c.,  is  a  descending  but  still  a  ]plane  surface, 
because  in  that  case  the  points  «,  ^,  «",  &c.  must  still  be  in  the 
same  visual  line  directed  from  o.  It  therefore  follows  that  the 
surface  in  the  direction  o  ^  s''  ^'\  &c.  is  not  plane  but  curoedy 
as  represented  \Vifig»  689.,  where  the  visual  lines  are  in  obvious 
accordance  with  the  actual  .appearances  as  above  explained. 


Fig.  689. 

Now  since  these  effects  are  found  to  prevail  in  every  direc- 
tion around  the  point  of  observation  o,  it  follows  that  the  cur- 
vature of  the  surface  prevails  all  around  that  point  \  and  since 
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the  extent  of  the  depression  of  the  points  s,  s',  s",  &c.  at  equal 
distances  frora  o,  are  equal  in  every  direction  around  o,  it  fol^ 
lows  that  the  curvature  is  in  every  direction  sensibly  uniform 
around  that  point. 

But  by  shifting  the  centre  of  observation  o,  and  making  simi- 
lar observations  elsewhere,  and  on  eveiy  part  of  the  earth  where 
such  a  process  is  practicable,  not  only  are  like  effects  observed, 
but  the  degree  of  depression  corresponding  to  equal  distances 
from  the  centres  of  observation  is  the  same. 

Hence  we  infer  that  the  surface  of  the  earth,  as  observed  di- 
rectly by  the  eye,  is  not  a  plane  surface,  but  one  everywhere 
curved,  and  that  the  curvature  is  everywhere  uniform,  at  least 
that  no  departure  from  perfect  uniformity  in  its  general  curva- 
ture exists  sufficiently  considerable  to  be  discovered  by  this 
method. 

But  the  only  form  of  a  solid  body  which  has  a  surface  of  uni- 
form curvature  is  a  sphere  or  globe,  and  it  is  therefore  esta- 
blished that  such  is  the  form  of  the  earth. 

2314.  This  conclusion  corroborated  by  circumnavigation,  — 
If  a  vessel  sail,  as  far  as  it  is  practicable  to  do  so,  constantly  in 
the  same  direction,  it  will  at  length  return  to  the  port  of  its  de- 
parture, having  circumnavigated  the  earth,  and  during  its  course 
it  appears  to  pass  over  an  uniform  surface.  This  is  obviously 
what  must  take  place  so  far  as  regards  that  part  of  the  earth 
which  is  covered  with  water,  supposing  it  to  be  a  globe. 

2315.  Corroborated  by  lunar  eclipses.  —  But  the  most  strik- 
ing and  conclusive  corroboration  of  the  inference  just  made,  and 
indeed  a  phenomenon  which  alone  would  demonstrate  the  form 
of  the  earth,  is  that  which  is  exhibited  in  lunar  eclipses.  These 
appearances,  which  are  so  frequently  witnessed,  are  caused  by 
the  earth  coming  between  the  sun  and  the  moon,  so  as  to  cast 
its  shadow  upon  the  latter.  Now  the  form  of  that  shadow  is 
always  precisely  that  which  one  globe  would  prq^'ect  upon  an- 
other. The  phenomenon  thus  at  once  establishes  not  only  the 
globular  form  of  the  earth,  but  that  of  the  moon  also. 

2316.  Various  effects  indicathig  the  eartKs  rotundity,  — The 
rotundity  of  the  earth  being  once  admitted,  a  multitude  of  its 
consequences  and  effects  present  themselves,  which  supply  cor- 
roborative evidence  of  that  important  proposition. 

When  a  ship  saib  from  the  observer,  the  first  part  which 
should  cease  to  be  visible,  if  the  earth  was  a  plane,  would  be  the 
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rod  of  the  top-mast,  having  the  smallest  dimensions,  and  the  last 
the  hull  and  sails,  being  the  greatest  in  magnitude; — but,  in  fact, 
the  very  reverse  takes  place.  The  hull  first  disappears,  then 
the  sails,  and  in  fine  the  top-mast  alone  is  visible  bj  a  telescope, 
appearing  like  a  pole  planted  in  the  winter.  This  becomes  gra- 
dually shorter,  appearing  to  sink  in  the  water  as  the  vessel 
recedes  from  the  eye. 

These  appearances  are  the  obvious  consequences  of  the  gra- 
dual interposition  of  the  convexity  of  the  part  of  the  earth's 
surface  over  which  the  vessel  has  passed,  and  will  be  readily 
comprehended  by  the^.  690. 


Fig.  690. 

If  the  observer  take  a  more  elevated  position,  the  same  suc- 
cession of  phenomena  will  be  presented,  only  greater  distances 
will  be  necessary  to  produce  the  same  degree  of  apparent  sink- 
ing of  the  vessel. 

Land  is  visible  from  the  top-mast  in  approaching  the  shore, 
when  it  cannot  be  seen  from  the  deck. 

The  top  of  the  peak  of  Teneriffe  can  be  seen  from  a  distance 
when  the  base  of  the  mountain  is  invisible. 

The  sun  shines  on  the  summits  of  the  Alps  long  after  sunset 
in  the  valleys. 

An  aeronaut  ascending  after  sunset  has  witnessed  the  sun  to 
reappear  with  all  the  effects  of  sunrise.  On  descending,  he  wit- 
nessed a  second  sunset. 

2317.  Dimensions  of  the  earth, — Method  of  measuring  a 
degree.  —  Having  thus  ascertained  that  the  form  of  the  earth 
18  a  globe,  it  now  remains  to  discover  its  magnitude,  or,  what  is 
the  same,  its  diameter. 

For  this  purpose  it  will  be  necessary  first  to  ascertain  the 
actual  length  of  a  degree  upon  its  surface,  that  is,  the  distance 
between  two  points  on  the  surface,  so  placed  that  the  lines 
drawn  from  them  to  the  centre  shall  make  with  each  other  an 
angle  of  one  degree. 
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Let  ji  and  />',^.691.,  represent  two  places  upon  the  earth's 
surface,  distant  from  each  other  from  60  to  100  miles,  and  let 
c  be  the  centre  of  the  earth.  Now,  let  us  sup- 
pose that  two  observers  at  the  places  p  and  p' 
observe  two  stars  s  and  s^y  which  at  the  same 
time  are  vertically  over  the  two  places,  and  to 
which,  therefore,  plumb-lines  suspended  at  the 
two  places  would  be  directed.  The  direction  of 
these  plumb-lines,  if  continued  downwards,  would 
intersect  at  c,  the  centre  of  the  earth. 

The  visual  angle  under  the  directions  of  these 
stars  8  and  s"  at  p^  is  sp's',  and  at  c  is  sc^.  But, 
owing  to  the  insignificant  proportion  which  the 
distances />/7^  and/>c  bear  to  the  distances  of  the 
stars  (as  will  be  made  evident  hereafter),  the 
visual  angle  of  the  stars,  whether  seen  from  p  or 
c,  will  be  the  same.  If,  then,  this  visual  angle 
at  p'  be  measured,  as  it  maj  be  with  the  greatest 
precision,  we  maj  consider  it  as  the  magnitude 
of  the  angle  f>c/>'. 

Let  the  actual  distance  d,  between  the  places 
p  and  p%  be  measured  or  ascertained  by  the  pro- 
cess of  surveying,  and  the  number  of  seconds  in 
the  observed  angle  spV  be  expressed  by  a.  If  d 
express  the  distance  of  two  points  on  the  earth 
which  would  subtend  at  the  centre  0  an  angle  of 
P,  we  shall  then  have  — 

a:3600::D:rf  =  D  x?^, 

a 
since  the  number  of  seconds  in  a  degree  is  3600 
Fig.  691.      (2292). 

2318.  Length  of  a  degree.  —  In  this  way  it  has  been  ascer- 
tained that  the  length  of  a  degree  of  the  earth's  surface  is  a 
little  less  than  70  British  statute  miles,  and  may  be  expressed 
in  feet  (in  round  numbers)  by  365,000. 

It  will  therefore  be  easy  to  remember  that  the  length  of  a 
d^ree  is  as  many  thousand  feet  as  there  are  days  in  the  year. 

2319.  Length  of  a  second  of  the  earth,  —  Since  a  second  is 
the  3600th  part  of  a  degree,  it  follows  also  that  the  length  of  a 
second  is  an  hundred  feet  very  nearly,  a  measure  also  easily 
remembered. 
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2320.  Change  of  direction  of  the  plumb  4ine  in  posing  over 
a  given  distance,  —  From  what  has  juAt  been  explained  it  will 
be  understood  that  fiince  a  plumb-line  always  points  to  the 
centre  of  the  earth  (when  its  direction  is  undisturbed  bj  any 
local  attraction),  its  change  of  direction,  in  passing  from  anj 
one  place  to  any  other,  may  be  always  found  by  allowing  T'  for 
every  hundred  feet  in  the  direct  line  joining  the  places,  or  still 
more  exactly  by  allowing  365,000  feet  for  every  degree,  and  a 
proportional  part  of  this  length  for  every  fraction  of  a  degree 
between  the  places. 

2321.  To  find  the  eartKs  diameter,  —  Nothing  can  be  more 
easy,  after  what  has  been  stated,  than  the  solution  of  the 
problem  to  determine  the  earth's  diameter.  By  what  has  been 
explained  (2294),  if  r  express  the  radius  or  semidiameter  of 
the  earth  cp,  a  the  arc  pp'  of  the  earth's  surface  between  the 
two  places,  and  a  the  angle  p(^p\  we  shall  have  — 

a 
If  the  distance  a  be  one  degree,  this  will  become  —  * 

r  =  ?|^^  X  206265  =  20,912979, 
3600 

or  very  nearly  21  million  feet,  which  is  equal  to  3960  statute 
miles.  So  that  the  diameter  of  the  earth  would  be  7920  miles, 
or  in  round  numbers  (for  we  are  not  here  pretending  to  ex- 
treme arithmetical  precision)  8000  miles. 

The  process  of  observation  above  explained  is  not  in  its 
details  exactly  that  by  which  the  magnitude  of  the  earth  is 
ascertained,  but  it  is  in  spirit  and  principle  the  method  of 
observati<m  and  calculation.  It  would  not  be  easy  to  find,  for 
example,  any  two  sufficiently  observable  stars  which  at  one  and 
the  same  moment  would  be  vertically  over  the  two  places  p  and 
p\  but  any  two  stars  nearly  over  them  would  equally  answer 
the  purpose  by  observing  the  extent  of  their  departure  from 
the  vertical  direction.  Neither  is  it  necessary  that  the  two 
observations  should  exactly  coincide  as  to  time;  but  these 
details  do  not  affect  the  principle  of  the  method,  and  will  be 
more  clearly  intelligible  as  the  student  advances. 

2322.  Superficial  inequalitits  of  the  earth  reUuively  insigni* 
fieant.  —  It  is  by  comparison  alone  that  we  can  acquire  any 
clear  or  definite  notions  of  distances  and  magnitudes  which  do 
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not  come  under  the  immediate  cognizance  of  the  senses.  If 
we  desire  to  acquire  a  notion  of  a  vast  distance  over  which 
we  cannot  pass,  we  compare  it  with  one  with  which  we 
have  immediate  and  actual  acquaintance,  such  as  a  foot,  a 
yard,  or  a  mile.  And  since  the  area  or  superficial  extent  of 
surfaces  and  the  volume  or  bulk  of  solids  are  respectively 
determined  by  the  length  of  their  linear  dimensions,  the  same 
expedient  suffices  to  acquire  notions  of  them.  In  Astronomy, 
having  to  deal  with  magnitudes  exceeding  in  enormous  pro* 
portions  those  of  all  objects,  even  the  most  stupendous,  which 
are  so  approachable  as  to  afford  means  of  direct  sensible  ob- 
servation, we  are  incessantly  obliged  to  have  recourse  to  such 
comparisons  in  order  to  give  some  degree  of  clearness  to  our 
ideas,  since  without  them  our  knowledge  would  become  a  mere 
assemblage  of  words,  numbers,  and  geometrical  diagrams. 

Let  us,  then,  consider  the  dimensions  and  form  of  the  earth, 
as  they  have  been  ascertained  in  the  preceding  paragraphs. 

When  it  is  stated  that  the  earth  is  a  globe,  the  first  objection 
which  wilL  be  raised  by  the  uninformed  student  is  that  the 
continents,  islands,  and  tracts  of  land  with  which  it  is  covered 
are  marked  by  considerable  inequalities  of  level ;  that  moun- 
tains rise  into  ridges  and  peaks  of  vast  height ;  that  the  seas 
and  oceans,  though  level  at  their  surface  in  a  certain  general 
sense,  are  agitated  by  great  waves,  and  alternately  swelled  and 
depressed  by  tides,  and  that  the  solid  bottom  of  them  is  known 
to  be  subject  to  inequalities  analogous  in  character,  and  not  less 
in  depth,  than  those  which  prevail  on  the  land.  Since,  then,  it 
is  the  characteristic  property  of  a  globe  that  all  points  on  its 
surface  are  equally  distant  from  its  centre,  how,  it  may  be 
demanded,  can  a  mass  of  matter,  so  unequal  in  its  surface  as 
the  earth  is,  be  a  globe  ? 

It  may  be  conceded  at  once,  in  reply  to  this  objection,  that 
the  earth  is  not,  in  the  strict  geometric  sense  of  the  term,  a 
globe.  But  let  us  consider  the  extent  of  its  departure  from  the 
globular  form,  so  far  as  relates  to  the  superficial  inequalities  just 
adverted  to. 

The  most  lofty  mountain  peaks  do  not  exceed  five  miles  in 
height.  Few,  indeed,  approach  that  limit.  Most  of  the  con- 
siderable mountainous  districts  are  limited  to  less  than  half  that 
height.  No  considerable  tract  of  land  has  a  general  elevation 
even  of  one  mile.     The  deepest  parts  of  the  sea  have  not  been 
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sounded ;  but  it  is  certain  that  their  depth  does  not  exceed  the 
heights  of  the  most  lofty  mountains,  and  the  general  depth  is 
incomparably  less.  The  superficial  inequalities  of  the  aqueous 
surface  produced  by  waves  and  tides  are  comparatively  insig- 
nificant. 

Now,  let  us  consider  how  these  several  superficial  inequalities 
would  be  represented,  observing  a  due  proportion  of  scale,  even 
on  the  most  stupendous  modeL 

Construct  a  globe  20  feet  in  diameter,  as  a  model  of  the  earth. 
Since  20  feet  represents  8000  miles,  1 -400th  part  of  a  foot, 
or  3- 100th  parts  of  an  inch,  represents  a  mile.  The  height, 
therefore,  of  the  most  lofty  mountain  peak,  and  the  greatest 
depth  of  the  ocean,  would  be  represented  by  a  protuberance  or 
a  hole  having  no  greater  elevation  or  depth  than  lt>-100th8, 
or  about  the  seventh  part  of  an  inch.  The  general  elevation  of 
a  continent  would  be  fairly  represented  by  a  leaf  of  paper  pasted 
upon  the  surface,  having  the  thickness  of  less  than  the  fiftieth 
of  an  inch  ;  and  a  depression  of  little  greater  amount  would  ex- 
press the  depth  of  the  general  bed  of  the  sea. 

It  will  therefore  be  apparent,  that  the  departure  of  such  a 
model  from  the  true  form  of  a  globe  would  be  in  all,  save  a 
strictly  geometrical  sense,  absolutely  insignificant. 

2323.  Relative  dimensions  of  the  atmosphere.  —  The  surface 
of  the  earth  is  covered  by  an  ocean  of  air  which  fioats  upon  it, 
as  the  waters  of  the  seas  rest  upon  their  solid  bed.  The  density 
of  this  fluid  is  greatest  in  the  stratum  which  is  in  immediate 
contact  with  the  surface  of  the  land  and  water  of  the  earth,  and 
it  diminishes  in  a  very  rapid  ratio  in  ascending,  so  thot  one 
half  of  the  entire  atmosphere  is  included  in  the  strata  whose 
height  is  within  3^  miles  of  the  sui*face.  At  an  altitude  of 
80  miles,  or  the  hundredth  part  of  the  earth's  diameter,  the  rare- 
faction must  be  so  extreme,  that  neither  animal  life  nor  com-> 
bustion  could  be  maintained. 

The  atmosphere,  being  then  limited  to  such  a  height,  would 
be  represented  on  the  model  above  described  by  a  stratum  two 
inches  and  a  half  thick. 

2324.  Jfthe  earth  moved^  how  could  its  motion  be  perceived? 
—  Having  thus  ascertained,  in  a  rough  way,  the  form  and  di- 
mensions of  the  earth,  let  us  consider  the  question  of  its  rest  or 
mobility. 

Nothing  is  more  repugnant  to  the  first  impressions  received 
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from  the  aspect  of  the  surface  of  the  earthy  and  all  upon  it,  than 
the  idea  that  it  is  in  motion.  But  if  this  universal  impression 
be  traced  to  its  origin,  and  rightly  interpreted,  it  will  not  be 
found  erroneous,  and  will  form  no  exception  to  the  general 
maxim  which  induces  all  persons,  not  even  excepting  philoso- 
phers, to  regard  without  disrespect  notions  which  have  obtiuned 
universal  popular  acceptation. 

What  is  the  stability  and  repose  ascribed  by  the  popular 
judgment  to  the  earth?  Repose  certainly  absolute,  so  far  as 
regards  all  objects  of  vulgar  or  popular  contemplation.  It  is 
maintained,  and  maintained  truly,  that  everything  upon  the 
earth,  so  far  as  the  agency  of  external  causes  is  concerned,  is  at 
relative  rest.  Hills,  mountains,  and  valleys,  oceans,  seas,  and 
rivers,  as  well  as  all  artificial  structures,  are  in  relative  repose ; 
and  if  our  observation  did  not  extend  to  objects  exterior  to  the 
globe,  the  popular  maxim  would  be  indisputable.  But  the 
astronomer  contemplates  objects  which  either  escape  the  atten- 
tion of,  or  are  imperfectly  known  to,  mankind  in  general ;  and 
the  phenomena  which  attend  these  render  it  manifest,  that  while 
the  earth,  in  relation  to  all  objects  upon  it  and  forming  part  of 
it,  is  at  rest,  it  is  in  motion  with  relation  to  all  the  other  bodies 
of  the  universe. 

The  motion  of  objects  external  to  the  observer  is  perceived 
by  the  sense  of  sight  only,  and  is  manifested  by  the  relative 
displacement  it  produces  among  the  objects  affected  by  it,  with 
relation  to  objects  around  them  which  are  not  in  motion,  and 
with  relation  to  each  other.  Motions  in  which  the  person  of 
the  observer  participates  may  affect  the  senses  both  of  feeling 
and  sight.  The  feeling  is  affected  by  the  agitation  to  which  the 
body  of  the  observer  is  exposed.  Thus,  in  a  carriage  which 
starts  or  stops,  or  suddenly  increases  or  slackens  its  speed,  the 
matter  composing  the  person  of  the  observer  has  a  tendency  to 
retain  the  motion  which  it  had  previous  to  the  change,  and  is 
accordingly  affected  with  a  certain  force,  as  if  it  were  pushed  or 
drawn  from  rest  in  one  direction  or  the  other.  But  once  in  a 
state  of  uniform  motion,  the  sense  of  feeling  is  only  affected  by 
the  agitation  proceeding  from  the  inequalities  of  Uie  road.  If 
these  inequalities  are  totally  removed,  as  they  are  in  a  boat 
drawn  at  a  uniform  rate  on  a  canal,  the  sense  of  feeling  no 
longer  affords  any  evidence  whatever  of  the  motion. 

A  remarkable  example  of  the  absence  of  all  consciousness  of 
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motion,  so  far  as  mere  feeling  is  concerned,  is  presented  to  all 
who  have  ascended  in  a  balloon.  As  the  aerial  vehicle  floats 
with  the  stratum  of  the  air  in  which  it  is  suspended,  the  feeling 
of  the  aeronaut  is  that  of  the  most  absolute  repose.  The  balloon 
seems  as  fixed  and  immoveable  as  the  solid  globe  itself,  and 
nothing  could  produce  in  the  vojager,  blindfolded,  any  conscious- 
ness whatever  of  motion.  When  however  his  eyes,  unban- 
daged,  are  turned  downwards,  he  sees  the  vast  diorama  below 
moving  under  him.  Fields  and  woods,  villages  and  towns  pass 
in  succession,  and  the  phenomena  are  such  as  to  impress  on  the 
eye,  and  through  the  eye  upon  the  mind,  the  conviction  that  the 
balloon  is  stationary,  and  the  earth  moving  under  it.  A  certain 
effort  of  the  understanding,  slight,  it  is  true,  but  still  an  effort, 
is  required  to  arrive  at  the  inference  that  the  impression  thus 
produced  on  the  sense  of  vision  is  an  illusion,  that  the  motion 
with  which  the  landscape  seems  to  be  affected  is  one  which  in 
reality  affects  the  balloon  in  which  the  spectator  is  suspended, 
and  that  this  motion  is  equal  in  speed,  and  contrary  in  direction, 
to  that  which  appears  to  affect  the  subjacent  country. 

Now  it  will  be  evident,  that  if  the  globe  of  the  earth,  and  all 
upon  it,  were  floating  in  space,  and  moving  in  any  direction  at 
any  uniform  rate,  no  consciousness  of  such  motion  could  affect 
any  sensitive  being  upon  it.  All  objects  partaking  in  common 
in  such  motion,  no  more  derangement  among  them  would  ensue 
than  among  the  persons  and  objects  transported  in  the  car  of 
the  balloon,  where  the  aeronaut,  no  matter  what  be  the  speed 
of  the  motion,  can  fill  a  glass  to  the  brim  as  easily  as  if  he  were 
upon  the  solid  ground.  Supposing,  then,  that  the  earth  were 
affected  by  any  motion  in  which  all  objects  upon  it,  including 
the  waters  of  the  ocean,  the  atmosphere,  and  clouds,  would  all 
participate,  would  the  existence  of  such  a  motion  be  perceived 
by  a  spectator  placed  upon  the  earth  who  would  himself  partake 
of  it  ?  It  is  dear  that  he  must  remain  for  ever  unconscious  of 
ity  unless  he  could  find  within  the  range  of  his  vision  some  ob- 
jects which,  not  partaking  of  the  motion,  would  appear  to  have 
a  motion  contrary  to  that  which  the  observer  has  in  common 
with  the  earth. 

But  such  objects  are  only  to  be  looked  for  in  the  regions  of 
space  beyond  the  limits  of  the  atmosphere.  We  find  them  in 
fine  in  the  sun,  the  moon,  the  stars,  and  all  the  objects  which 
the  firmament  presents.     Whatever  motion  the  earth  may  have 
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will  impart  to  all  these  distant  objects  the  appearance  of  a  mo^ 
tion  in  the  contrary  direction. 

But  how,  it  may  be  asked,  is  the  apparent  motion  produced 
in  distant  objects  by  a  real  motion  of  the  station  in  which  the 
observer  is  placed,  to  be  distinguished  from  the  real  motion  of 
the  distant  objects  themselves,  which  would  give  them  the  same 
apparent  motion  ?  Since  the  phenomena  are  absolutely  iden- 
tified, whether  the  apparent  motion  observed  is  produced  by  a 
real  motion  in  the  observer,  or  a  real  motion  in  the  object  ob- 
served, it  is  necessary  to  seek  for  evidence;  either  that  the 
object  observed  cannot  have  the  real  motion  which  would  pro- 
duce the  phenomena,  or  that  the  station  of  the  observer  has  it. 
But  before  engaging  in  this  question,  it  is  necessary  yfr*/,  to 
obtain  a  clear  and  definite  knowledge  of  what  the  apparent  mo- 
tion in  question  is ;  secondly^  what  is  the  real  motion  of  the 
earth  which  could  produce  it ;  and  thirdly,  what  would  be  the 
real  motion,  or  motions,  of  the  objects  observed,  which  would 
produce  the  same  phenomena. 

2325.  Parallax,  —  Since  the  apparent  place  of  a  distant  ob- 
ject depends  on  the  direction  of  the  visual  line  drawn  from  the 
observer  to  such  object,  and  since  while  the  object  remains  sta- 
tionary the  direction  of  this  visual  line  is  changed  with  every 
change  of  position  of  the  observer,  such  change  of  position  pro* 
duces  necessarily  a  displacement  in  the  apparent  position  of  the 
object- 

This  apparent  displacement  of  any  object  seen  at  a  distance, 
due  to  the  change  of  position  of  the  observer,  is  called  pa- 
rallax. 

It  follows  that  a  distant  object  seen  by  two  observers  at  dif- 
ferent places  on  the  earth  is  seen  in  different  directions,  so  that 
its  apparent  place  in  the  firmament  will  be  different  It  would 
therefore  follow,  that  the  aspect  of  the  heavens  would  vary  with 
every  change  of  position  of  the  observer  on  the  earth,  just  as 
the  relative  position  of  objects  on  land  which  are  stationary 
changes  when  viewed  from  the  deck  of  a  vessel  which  saib  or 
steams  along  the  coast.  But  it  so  happens,  as  will  appear  here- 
after, that  even  the  greatest  difference  of  position  which  can 
exist  between  observers  on  the  earth's  surface  is  so  small  com- 
pared even  with  the  nearest  bodies  to  the  earth,  that  the  appa- 
rent displacement,  or  parallax,  thus  produced  is  very  small ; 
while  for  the  most  numerous  of  celestial  objects,  the  stars,  it  is 
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absolutely  inappreciable  by  the  most  refined  means  of  observa-* 
tion  and  measurement. 

Small  as  it  is,  however,  so  far  as  relates  to  the  nearer  bodies 
of  the  universe,  it  is  capable  of  definite  measurement,  and  its 
amount  for  each  of  them  supplies  one  of  the  data  by  which  their 
distances  are  calculated. 

2326.  Apparent  and  true  place  of  an  object,  —  Diurnal 
parallax,  —  When  an  object  is  within  such  a  limit  of  distance 
as  would  cause  a  sensible  displacement  to  be  produced  when  it 
is  viewed  from  different  parts  of  the  earth's  surface,  it  is  conve- 
nient, in  registering  its  apparent  position  at  any  given  time,  to 
adopt  some  fixed  station  from  which  it  is  supposed  to  be  ob- 
served. The  station  selected  by  astronomers  for  this  purpose 
is  the  centre  of  the  earth.  The  direction  in  which  an  object 
would  be  seen  if  viewed  from  the  centre  of  the  earth  is  called 
its  TRUE  PLACE.  The  direction  in  which  it  is  seen  from  any 
place  of  observation  on  the  surface  is  called  its  apparent 
PLACE,  and  the  apparent  displacement  which  would  be  produced 
by  the  transfer  of  the  observer  from  the  centre  to  the  surface  or 
vice  versdy  or,  what  is  the  same,  the  difference  between  the  true 
and  apparent  places,  is  called  the  diubnal  parallax, 

Jnjlg*  692.,  let  c  represent  the  centre  of  the  earth,  p  a  place 
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of  observation  on  its  surface,  o  an  object  seen  in  the  zenith  of 
p,  o'  the  same  object  seen  at  the  zenith  distance  o  p  o^  and  o'^ 
the  same  object  seen  in  the  horizon. 

It  is  evident  that  o  will  appear  in  the  same  direction,  whether 
it  be  viewed  from  p  or  c.  Hence  it  follows  that  in  the  zenith 
there  is  no  diurnal  parallax,  and  that  there  the  apparent  place 
of  an  object  is  its  true  place. 

But  if  the  object  be  at  o',  then  the  apparent  direction  is  p  o', 
while  the  true  direction  is  c  o^  and  the  apparent  place  of  the 
object  will  be  a^  while  its  true  place  will  be  f ;  and  the  diurnal 
parallax  corresponding  to  the  zenith  distance  opo'  will  be  If  a', 
or  the  angle  t'of  af^  which  is  equal  to  po'a 

As  the  object  is  more  remote  from  the  zenith  the  parallax  is 
augmented,  because  the  semidiameter  cp  of  the  earth,  which 
passes  through  the  place  of  observation,  is  more  and  more  nearly 
at  right  angles  to  the  directions  co'  and  po^ 

2327.  Horizontal  parallax.  —  When  the  object  is  in  the  ho- 
rizon, as  at  o",  the  diurnal  parallax  becomes  greatest,  and  is 
called  the  horizontal  parallax.  It  is  the  angle  po"  c  which 
the  semidiameter  of  the  earth  subtends  at  the  object 

If  z  express  the  zenith  distance,  or  the  angle  pco',  a  line  c  n 
drawn  from  c  at  right  angles  to  p  o'  n  will  be  expressed  by  z  x 
r  X  sin.  z,  r  being  the  semidiameter  cp  of  the  earth.  If  d  ex- 
press the  distance  of  the  object  o',  and  tor  the  parallactic  angle 
po'c,  which  is  always  very  small,  we  shall  have,  by  the  principle 
explained  in  (2294) : 

V  =  206265"  X  sin.  z  X  -^ 

D 

the  parallax  being  expressed  in  seconds. 

If  the  object  be  in  the  horizon  as  at  o",  we  shall  have  2=90**, 
and  therefore 

V'  =  206265"  X—. 

D 

2328.  Given  the  horizontal  parallax  and  the  earth's  semi^ 

diameter,  to  compute  the  distance  of  the  object  —  It  is  evident 

that  this  important  problem  can  be  solved  by  the  preceding 

formula ;  for  we  have  (2297) 

206265 
D=— -7> — X  r. 
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CHAP.  in. 

APPARENT  FORM  AND  MOTION  OP   THE  FIRMAMENT. 

2329.  Aspect  cf  the  firmament — If  we  examine  the  heavens 
with  attention  on  clear  starlight  nights,  we  shall  soon  be  struck 
with  the  fact,  that  the  brilliant  objects  scattered  over  them  in 
sach  incalculable  numbers  maintain  constantly  the  same  relative 
position  and  arrangement.  Every  eye. is  familiar  with  certain 
groups  of  stars  called  constellations.  These  are  never  observed 
to  change  their  relative  position.  A  diagram  representing  them 
now  would  equally  represent  them  at  any  future  time ;  and  if  a 
general  map  be  made,  showing  the  relative  arrangement  of  these 
bodies  on  any  night,  the  same  map  will  represent  them  with 
equal  exactness  and  fidelity  on  any  other  night.  There  are  a 
few, — some  thirty  or  forty  or  so, — among  many  thousands, 
which  are  exceptions  to  this,  with  which,  however,  for  the  pre- 
sent we  need  not  concern  ourselves. 

2330.  The  celestial  hemisphere, — The  impression  produced 
upon  the  sight  by  these  objects  is  that  they  are  at  a  vast  distance, 
but  all  at  the  same  distance.  They  seem  as  though  they  were 
attached  in  fixed  and  unalterable  positions  upon  the  surface  of 
a  vast  hemisphere,  of  which' the  place  of  the  observer  is  the 
centre.  Setting  aside  the  accidental  inequalities  of  the  ground, 
the  observer  seems  to  stand  in  the  centre  of  a  vast  circular 
plane,  which  is  the  base  of  this  celestial  hemisphere. 

2331.  Horizon  and  zenith. — This  plane,  extended  indefi- 
nitely around  the  observer,  meets  the  celestial  hemisphere  in  a 
circle  which  is  called  the  Horizon,  from  the  Greek  word  6pi(€iv 
(orizein),  to  terminate  or  bound,  being  the  boundary  or  limit  of 
the  visible  heavens. 

The  centre  point  of  the  visible  hemisphere — that  point  which 
is  perpendicularly  above  the  observer,  and  to  which  a  plumb- 
line  suspended  at  rest  would  be  directed — is  called  the  Zenith. 

2332.  Apparent  rotation  of  the  firmament  — A  few  hours' 
attentive  contemplation  of  the  firmament  at  night  will  enable 
any  common  observer  to  perceive,  that  although  the  stars  are, 
relatively  to  each  other,  fixed,  the  hemisphere,  as  a  whole,  is  in 
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motion.  Looking  at  the  zenith,  constellation  after  constellation 
will  appear  to  pass  across  it,  having  risen  in  an  oblique  direction 
from  the  horizon  at  one  side,  and,  after  passing  the  zenith,  de- 
scending on  the  other  side  to  the  horizon,  in  a  direction  similarly 
oblique.  Still  more  careful  and  longer  continued  observation, 
and  a  comparison,  so  far  as  can  be  made  by  the  eye,  of  the  dif- 
ferent directions  successively  assumed  by  the  same  object,  creates 
a  suspicion,  which  every  additional  observation  strengthens, 
that  the  celestial  vault  has  a  motion  of  slow  and  uniform  rota- 
tion round  a  certain  diameter  as  an  axis,  carrying  with  it  all  the 
objects  visible  upon  it,  without  in  the  least  deranging  their  re- 
lative positions  or  disturbing  their  arrangement. 

Such  an  impression,  if  well  founded,  would  involve,  as  a  ne- 
cessary consequence,  that  a  certain  point  in  the  heavens  placed 
at  the  extremity  of  the  axis  of  its  rotation,  would  be  fixed,  and 
that  all  other  points  would  appear  to  be  carried  around  it  in 
circles;  each  such  point  preserving  therefore,  constantly,  the 
same  distance  from  the  point  thus  fixed. 

2333.  The  pole  star, — To  verify  this  inference,  we  must 
look  for  a  star  which  is  not  affected  by  the  apparent  rotation  of 
the  heavens,  which  affects  more  or  less  every  other  star. 

Such  a  star  is  accordingly  found,  which  is  always  seen  in  the 
same  direction,  —  so  far  at  least  as  the  eye,  unaided  by  more 
accurate  means  of  observation,  can  determine. 

The  place  of  this  star  is  called  the  Pole,  and  the  star  is  called 
the  Pole  Stab. 

2334.  Rotation  proved  hy  instrumental  observation, — Mere 
visual  observation,  however,  can  at  most  only  supply  grounds 
for  probable  conjecture,  either  as  to  the  rotation  of  the  sphere, 
or  the  position  of  its  pole,  if  such  rotation  take  place.  To  verify 
this  conjecture,  to  determine  with  certainty  whether  the  motion 
of  the  sphere  be  one  of  rotation,  and  if  so,  to  ascertain  with 
precision  the  direction  of  the  axis  round  which  this  rotation 
takes  place,  its  velocity,  and,  in  fine,  whether  it  be  uniform  or 
variable, — are  problems  of  the  highest  importance,  but  which 
are  altogether  beyond  the  powers  of  mere  visual  observation, 
unaided  by  instruments  of  precision. 

2336.  Exact  direction  of  the  axis  and  position  of  the  pole. — 
Suppose  a  telescope  of  low  magnifying  power,  supplied  with 
micrometric  wires  (2302),  to  be  directed  to  the  pole  star,  so 
that  the  star  may  be  seen  exactly  upon  the  intersection  of  the 
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middle  wires.  If  this  star  were  precisely  at  the  extremity  of 
the  axis  of  the  hemisphere,  or  at  the  pole,  it  would  remain  per- 
manently at  the  intersection  of  the  wires^  notwithstanding  the 
rotation  of  the  firmament.  Such  is  not,  however,  found  to  be 
the  case.  The  star  will  appear  to  move ;  but,  if  the  magnifying 
power  of  the  telescope  be  low  enough^  it  will  not  leave  the  field 
of  view.  It  will  appear  to  move  in  a  small  circle,  the  diameter 
of  which  is  about  three  degrees.  The  telescope  may  be  so  ad- 
justed that  the  star  will  move  in  a  circle  round  the  intersection 
of  the  middle  wires  as  a  centre ;  and  in  that  case  the  point 
marked  by  the  intersection  of  the  middle  wires  is  the  true  posi- 
tion of  the  Pole,  round  which  the  pole  star  is  carried  in  a 
circle,  at  the  distance  of  about  1^^,  by  the  rotation  of  the 
sphere. 

2336.  EqiLatorial  instrument — The  exact  direction  of  the 
axis  of  the  celestial  sphere  being  thus  ascertained,  it  is  possible 
to  construct  an  apparatus  which  shall  be  capable  of  revolving 
upon  a  fixed  axis,  the  direction  of  which  shall  coincide  with 
that  of  the  sphere ;  so  that  if  a  telescope  were  fixed  in  the  di- 
rection of  this  axis,  its  line  of  collimation  (2303)  would  exactly 
point  to  the  celestial  pole. 

Upon  this  axis,  thus  directed  and  fixed,  suppose  a  telescope 
to  be  so  mounted  that  it  may  be  placed  with  its  line  of  collima- 
tion at  any  desired  angle  with  the  axis,  and  let  a  properly  gra- 
duated arc  be  provided,  by  which  the  magnitude  of  this  angle 
may  be  measured  with  all  practicable  precision. 

Thus,  let  Lk'yjig.  693.,  represent  the  direction  of  the  axis  on 
which  the  instrument  is  made  to  revolve.  The  line  a  a',  if  con- 
tinned  to  the  firmament,  would  pass  through  the  pole  p.  Let  co 
represent  the  line  of  collimation  of  a  telescope,  so  attached  to  the 
axis  at  c  that  it  may  be  placed  at  any  desired  angle  with  it ; 
which  may  be  accomplished  by  placing  a  joint  at  c  on  which  the 
telescope  can  turn.  Let  non'  be  a  graduated  arc,  to  which  the 
telescope  is  attached  at  o,  and  which  turns  with  the  telescope 
round  the  axis  aa'.  When  the  telescope,  being  fixed  at  any 
proposed  angle  oca'  with  the  axis,  is  turned  round  aa^,  the  line 
of  collimation  deseribes  a  cone  of  which  o  is  the  vertex  and  c  a' 
tbe  axis,  and  the  extremity  o  describes  an  arc  oo^  of  a  circle 
at  a  distance  from  n'  measured  by  the  angle  oca'. 

If  the  line  of  collimation  o  o  or  c  o'  be  imagined  to  be  con- 
tinued to  the  heavens,  it  will  describe,  as  the  telescope  revolves,  a 
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circle  o  o*  on  the  firmament  corresponding  to  the  circle  o  o% 
and  at  the  same  angular  distance  o|>,  o^p  from  the  celestial  pole 


Fig.  693. 

j9,  as  the  end  o  or  o'  of  the  line  of  collimation  of  the  telescope 
is  from  n''  or  a^  In  short,  the  angle  o  c  n'  equaUj  measures 
the  two  arcs,  the  celestial  arc  op  and  the  instrumental  arc  o  n^* 

The  instrument  thus  described  in  its  principle  is  one  of  roost 
extensiye  utility  in  observatories,  and  is  called  an  Equatorial. 

In  its  practical  construction  it  is  very  variously  mounted, 
and  is  sometimes  acted  upon  by  clock-work,  which  imparts  to 
it  a  motion  round  the  axis  aa^  corresponding  with  the  rotation 
of  the  celestial  sphere. 

One  of  the  many  mechanical  arrangements  by  which  this 
may  be  effected  is  represented  in  fig,  694.,  as  given  by  the 
Astronomer  Royal,  in  his  lectures  delivered  at  the  Ipswich 
Museum. 

The  instrument  is  supported  upon  pivots,  so  that  its  axis  h!  b' 
shall  coincide  exactly  with  the  direction  of  the  celestial  axis. 
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The  telescope  cd  turns  upon  a  joint  at  the  centre,  so  that 
different  directions,  such  as  c'  j>%  c"  d'',  may  be  given  to  it. 


Fig.  694. 

The  motion  upon  its  axis  is  imparted  to  it  hj  wheel-work  elk, 
impelled  by  clock-work,  as  already  mentioned. 

2337.  notation  of  firmament  proved  hy  equatoriah  —  Now, 
to  establish,  by  means  of  this  instrument,  the  fact  that  the  fir- 
mament really  has  a  motion  of  apparent  rotation  with  a  Telocity 
rigorously  uniform  round  the  axis,  let  the  telescope  be  first 
directed  to  any  star,  o,  fig,  693.,  for  example,  so  that  it  shall  be 
seen  upon  the  intersection  of  the  middle  wires.  The  line  of 
collimation  will  then  be  directed  to  the  star,  and  the  angle  o  c  n' 
or  the  arc  o  vf  will  express  the  apparent  distance  of  such  star 
from  the  pole  p. 

Let  the  instrument  be  then  turned  upon  its  axis  from  east  to 
west  (that  is,  in  the  same  direction  as  the  rotation  of  the 
firmament),  through  any  proposed  angle,  say  90^,  and  let  it  be 
fixed  in  that  position.  The  firmament  will  follow  it,  and  after 
a  certain  interval  the  same  star  will  be  seen  upon  the  inter- 
section of  the  wires ;  and  in  the  same  manner,  whatever  be  the 
change  of  position  of  the  instrument  upon  its  axis,  provided 
the  direction  of  the  telescope  upon  the  arc  on',  fig,  693.,  be  not 
changed,  the  star  will  always  arrive,  after  an  interval  more  or 
less,  according  to  the  angle  through  which  this  instrument  has 
been  turned,  upon  the  intersection  of  the  wires. 

It  follows,  therefore,  from  this,  that  the  particular  star  here 
observed  is  carried  in  a  circle  round  the  heavens,  always  at  the 
same  distance,  op,  from  the  celestial  pole. 

The  same  observations  being  made  with  a  like  result  upon 
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every  star  to  which  the  telescope  is  directed,  it  follows  that  the 
motion  of  the  firmament  is  such  that  all  objects  upon  it  describe 
circles  at  right  angles  to  its  axis,  each  object  always  remaining 
at  the  same  distance  from  the  pole. 

This  is  precisely  the  effect  which  would  be  produced  by  the 
rotation  of  the  heavens  round  an  axis  directed  to  the  pole  from 
the  place  of  the  observer. 

But  it  remains  to  ascertain  the  time  of  rotation,  and  whether 
the  rotation  be  uniform. 

If  the  telescope  be  directed  as  before  to  any  star,  so  that  it 
shall  be  seen  at  the  intersection  of  the  wires,  let  the  instrument 
be  then  fixed,  being  detached  from  the  clock-work,  and  let  the 
exact  time  of  the  star  passing  the  wires  be  noted.  On  the  fol- 
lowing night,  at  the  approach  of  the  same  hour,  the  same  star 
will  be  seen  approaching  to  the  same  position,  and  it  will  at 
length  arrive  again  upon  the  wires.  The  time  being  again 
exactly  observed,  it  will  be  found  that  the  interval  which  has 
elapsed  between  the  two  successive  passages  of  the  star  over 
the  wires  is 

23'»-  56»-  4-09", 

Such  is,  therefore,  the  time  in  which  the  celestial  sphere 
makes  one  complete  revolution,  and  this  time  will  be  always 
found  to  be  the  same,  whatever  be  the  star  to  which  the  tele- 
scope is  directed. 

To  prove  that  not  only  every  complete  revolution  is  per- 
formed in  the  same  time,  but  that  the  rotation  during  the  same 
revolution  is  uniform,  let  the  instrument,  after  being  directed 
to  any  star,  be  turned  in  the  direction  of  the  motion  of  the 
sphere  through  any  proposed  angle,  90®  for  example.  It  will 
be  found  that  the  interval  which  will  elapse  between  the 
passage  of  the  star  over  the  wires  in  the  two  positions  wiU,  in 
this  case,  be  the  fourth  part  of  23^*  56™*  4-09»*;  and,  in  general, 
whatever  be  the  angle  through  which  the  instrument  may  be 
turned,  the  interval  between  the  passages  of  the  same  star  over 
the  wires  in  the  two  positions  wiU  bear  the  same  proportion  to 
23^'  56^'  4-09»-,  as  the  angle  bears  to  360°. 

It  follows,  therefore,  that  the  apparent  rotation  of  the  heavens 
IS  rigorously  uniform. 

It  will  be  observed  that  the  time  of  one  complete  revolution 
is  3"'  55*91**  less  than  twenty-four  hours,  or  a  common  day. 
The  cause  of  this  difference  will  be  explained  hereafter. 
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2338.  Sidereal  time. — The  time  of  one  complete  revolutioQ 
of  the  firmament  is  called  a  sidereal  DATi  This  interval  it 
divided,  like  a  common  day,  into  24  hoars,  each  hour  into  60 
minutes,  and  each  minute  into  60  seconds. 

Since  in  24  sidereal  hours  the  sphere  turns  through  360°, 
and  since  its  motion  is  rigorously  uniform,  it  turns  through  15° 
in  a  sidereal  hour,  and  through  1°  in  four  sidereal  minutes. 

2339.  The  same  apparent  motion  observed  by  day, — It  may 
be  objected  that  although  this  description  of  the  movement  of 
the  heavens  accords  with  the  appearances  during  the  night, 
there  is  no  evidence  of  the  continuance  of  the  same  rotation 
during  the  day,  since  in  a  cloudless  firmament  no  object  is 
visible  except  the  sun,  which  being  alone  cannot  manifest  the 
same  community  of  motion  as  is  exhibited  by  the  multitudinous 
objects  which,  being  crowded  so  thickly  on  the  firmament  at 
night,  move  together  without  any  change  in  their  apparent 
relative  position.  To  this  objection  it  may  be  answered  that 
the  moon  is  occasionally  seen  in  the  day-time  as  well  as  the 
sun ;  and,  moreover,  that  before  sunset  and  sunrise  the  planets 
Jupiter  and  Venus  are  occasionally  seen  under  favourable 
atmospheric  circumstances.  Besides,  with  telescopes  of  suf- 
ficient power  properly  directed,  all  the  brighter  stars  can  be 
distinctly  seen  when  not  situated  very  near  the  position  of  the 
sun.  Now,  in  all  these  cases^  the  objects  thus  seen  appear  to 
be  carried  round  by  the  same  motion  of  the  firmament,  which 
is  so  much  more  conspicuously  manifested  in  the  absence  of  the 
sun  and  at  night. 

•  2340.  Certain  fixed  points  and  circles  necessary  to  express 
the  position  of  objects  on  the  heavens,  —  It  will  greatly  con- 
tribute to  the  facility  and  clearness  with  which  the  celestial 
phenomena  and  their  causes  shall  be  understood  if  the  student 
will  impress  upon  his  memory  the  names  and  positions  of  cer« 
tain  fixed  points,  lines,  and  circles  of  the  celestial  sphere,  by 
reference  to  which  the  position  of  objects  upon  it  are  expressed. 
Without  incumbering  him  with  a  more  complex  nomenclature 
than  is  indispensably  necessary  for  this  purpose,  we  shall  there- 
fore explain  some  of  the  principal  of  these  landmarks  of  the 
heavens. 

2341.  Vertical  circles,  zenith^  and  nadir. — If  from  the  place 
of  the  observer  a  straight  line  be  imagined  to  be  drawn  perpen- 
dicular to  the  plane  of  the  horizon,  and  to  be  continued  indefi- 
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nitely  both  upwards  and  downwards,  it  will  meet  the  visible 
hemisphere  at  its  vertex,  the  Zenith,  and  the  invisible  hemi* 
sphere,  which  is  under  the  plane  of  the  horizon,  at  a  corre- 
sponding point  called  the  Nadib. 

If  a  plane  be  supposed  to  pass  through  the  place  of  the 
observer  and  the  zenith,  it  will  meet  the  celestial  surface  in 
a  series  of  points,  forming  a  circle  at  right  angles  to  the 
horizon.  Such  a  circle  is  called  a  vebtical  cibcle,  or,  shortly, 
a  Vertical. 

If  this  plane  be  supposed  to  be  turned  round  the  line  passing 
upwards  to  the  zenith,  it  will  assume  successively  every  direc- 
tion round  the  observer,  and  will  meet  the  heavens  in  every 
possible  vertical  circle. 

The  vertical  circles,  therefore,  all  intersecting  at  the  zenith 
as  a  common  point,  divide  the  horizon  as  the  divisions  of  the 
hours  and  minutes  divide  the  dial-plate  of  a  clock. 

2342.  The  celestial  meridian  and  prime  vertical,  —  That 
vertical  which  passes  though  the  celestial  pole  is  called  the 
Meridian. 

The  meridian  is,  therefore,  the  only  circle  of  the  heavens 
which  passes  at  once  through  the  two  principal  fixed  points, 
the  pole  and  the  zenith. 

It  divides  the  visible  hemisphere  into  two  regions  on  the 
right  and  left  of  the  observer ;  as  he  looks  to  the  nortli,  that 
which  is  on  his  right  being  called  the  Eastern,  and  that  which 
is  on  his  left  the  Western. 

Another  vertical  at  right  angles  to  the  meridian  is  called  the 
PRIME  VERTICAL.  This  is  Comparatively  little  used  for  refer* 
ence. 

2343.  Cardinal  points.^- The  meridian  and  prime  vertical 
divide  the  horizon  at  four  points,  equally  distant,  and  therefore 
separated  by  arcs  of  90^.  These  points  are  called  the  car- 
dinal POINTS.  Those  formed  by  the  intersection  of  the  meri- 
dian with  the  horizon  are  caUed  the  North  and  South  points, 
that  which  is  nearest  to  the  visible  pole  in  the  northern  hemi- 
sphere being  the  north.  Those  formed  by  the  intersection  of 
the  prime  vertical  with  the  horizon  are  called  the  East  and 
West,  that  to  the  right  of  an  observer  looking  towards  the 
north  being  the  east. 

The  cardinal  points  correspond  with  those  marked  on  the 
card  of  a  mariner's  compass,  allowance  being  made  for  tlie 
vuriation  of  the  needle. 
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2344.  The  azimuth.  —  The  direction  of  an  object,  whether 
terrestrial  or  celestial,  in  reference  to  the  cardinal  points,  or  to 
the  plaoe  of  the  meridian,  is  called  its  Azimuth.  Thus  it  is 
said  to  have  so  manj  d^rees  of  azimuth  east  or  west,  according 
as  the  vertical  circle,  whose  plane  passes  through  it,  forms  that 
angle  east  or  west  of  the  plane  of  the  meridian. 

2345.  Zenith  distance  and  altitude.  —  It  is  always  possible 
to  conceive  a  vertical  circle  which  shall  pass  through  anj  pro- 
posed object  on  the  heavens.  The  arc  of  such  a  circle  between 
the  zenith  and  the  object  is  called  its  Zenith  distance. 

The  remainder  of  the  quadrant  of  the  vertical  between  the 
object  and  the  horizon  is  called  its  Altitude. 

It  is  evident,  therefore,  that  the  altitude  of  the  zenith  is  90^, 
and  the  zenith  distance  of  every  point  on  the  horizon  is  also  90^. 

The  arc  of  the  meridian  between  the  zenith  and  the  pole  is 
the  zenith  distance  of  the  pole,  and  the  arc  of  the  meridian  be- 
tween the  pole  and  the  horizon  is  the  altitude  of  the  pole. 

2346.  Celestial  equator,  —  If  a  plane  be  imagined  to  pass 
through  the  place  of  the  observer  at  right  angles  to  the  axis  of 
the  spkere,  and  to  be  continued  to  the  heavens,  it  will  meet  the 
surface  of  the  celestial  vault  in  a  circle  which  shall  be  90°  from 
the  pole,  and  which  will  divide  the  sphere  into  two  hemispheres, 
at  the  Tertex  of  one  of  which  is  the  visible  or  north  pole,  and 
at  the  vertex  of  the  other  the  invisible  or  south  pole. 

This  circle  is  called  the  celestial  equator. 
The  several  fixed  points  and  circles  described  above  will  be 
more  clearly  conceived  by  the  aid  of  the  diagram,  Jig,  695., 
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where  o  is  the  place  of  the  observer,  z  the  zenith,  p  the  pole, 
SZPK  the  visible,  and  spziJ  the  invisible  half  of  the  meri- 
dian; 8EKW  is  the  horizon  seen  by  projection  as  an  oval, 
being,  however,  really  a  circle;  N  and  s  are  the  north  and 
south,  and  £  and  w  the  east  and  west  cardinal  points*  The 
points  of  the  several  circles  which  are  below  the  horizon  are 
distinguished  by  dotted  lines.  The  celestial  equator  is  repre- 
sented at  JEQ,  and  the  prime  vertical  at  zwbz,  both  being 
looked  at  edgewise. 

A  plane  Nit,  drawn  through  the  north  cardinal  point,  cutd 
off  a  portion  of  the  sphere,  having  the  visible  pole  n  at  its 
centre,  all  of  which  is  above  the  horizon  ;  and  a  corresponding 
plane,  s«,  through  the  south  cardinal  point,  cuts  off  a  part, 
leaving  the  invisible  pole  at  its  centre,  all  of  which  is  below  the 
horizon. 

2347.  Apparent  motion  of  the  celestial  sphere. — Now,  if  the 
entire  sphere  be  imagined  to  revolve  on  the  line  pop  through 
the  poles  as  a  fixed  axis,  making  one  complete  revolution,  and 
in  such  a  direction  that  it  will  pass  over  an  observer  at  o,  look- 
ing towards  k  from  his  right  to  his  left,  carrying  with  it  all  the 
objects  on  the  firmament,  without  disturbing  their  relative 
position  and  arrangement,  we  shall  form  an  exact  notion  of  the 
apparent  motion  of  the  heavens.  All  objects  rise  upon  the 
eastern  half,  sen,  of  the  horizon,  and  set  upon  the  western 
half,  swN.  The  objects  which  are  nearer  to  the  visible  pole 
p  than  the  circle  nN  never  set;  and  those  which  are  nearer  to 
the  invisible  pole  P  than  the  circle  8S  never  rise*  Those  which, 
are  between  the  equator  Mq  and  the  circle  nN  are  longer 
above  the  horizon  than  below  it;  and  those  which  are  between 
the  equator  -fiQ  and  the  circle  s*  are  longer  below  the  equator 
than  above  it.  Objects,  in  fine,  which  are  upon  the  equator  are 
equal  times  below  and  above  the  horizon. 

When  an  object  rises,  it  gradually  increases  its  altitude  until 
it  reaches  the  meridian.  It  then  begins  to  descend,  and  con- 
tinues to  descend  until  it  sets. 
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CHAR  IV. 

DIURNAL  EOTATION  OP  THE  EARTH. 

2348.  Apparent  diurnal  rotation  of  the  heavens — its  possible 
causes,  —  The  apparent  diurnal  rotation  of  the  celestial  sphere 
being  such  as  has  been  explained,  it  remains  to  determine  what 
is  the  real  motion  which  produces  it.  Now  it  is  demonstrable 
that  it  may  be  caused  indifierentlj,  either  by  a  real  motion  of 
the  sphere  round  the  observer  corresponding  in  direction  and 
velocity  with  the  apparent  motion,  or  by  a  real  motion  of  the 
earth  in  the  contrary  direction,  but  with  the  same  angular  velo- 
city upon  that  diameter  of  the  globe  which  coincides  with  the 
direction  of  the  axis  of  the  celestial  sphere,  and  that  no  other 
conceivable  motion  would  produce  that  apparent  rotation  of  the 
heavens  which  we  witness.  Between  these  two  we  are  to 
decide  which  really  exists. 

2349.  Supposition  of  the  real  motion  of  the  universe  inad- 
missible,—  The  fixity  and  absolute  repose  of  the  globe  of  the 
earth  being  assumed  by  the  ancients  as  a  physical  maxim 
which  did  not  even  admit  of  being  questioned,  they  perceived 
the  inevitable  character  of  the  alternative  which  the  apparent 
diurnal  rotation  of  the  heavens  imposed  upon  them,  and  accord- 
ingly embraced  the  hypothesis,  which  now  appears  so  monstrous, 
and  which  is  implied  in  the  term  universe  *,  which  they  have 
bequeathed  to  us. 

It  is  true  that,  owing  to  the  imperfect  knowledge  which  pre- 
vailed as  to  the  real  magnitudes  and  distances  of  the  bodies  to 
which  this  common  motion,  was  so  unhesitatingly  ascribed,  the 
improbability  of  the  supposition  would  not  have  seemed  so  gross 
as  it  does  to  the  more  enlightened  enquirers  of  our  age.  Never, 
theless,  in  any  view  of  it^  and  even  with  the  most  imperfect 
knowledge,  the  hypothesis  which  required  the  admission  that 

*  Ukus,  om,  and  versum,  turning,  or  rotation,  —  turning  vitlL  one  com- 
moo  motion  of  rotation, 
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the  myriads  of  bodies  which  appear  upon  the  firmament  should 
have,  besides  the  proper  motions  of  several  of  them,  such  as  the 
moon  and  planets,  of  which  the  ancients  were  not  unaware, 
motions  of  revolution  with  velocities  so  prodigious  and  so  mar- 
vellously related  that  all  should,  in  the  short  interval  of  twenty- 
four  hours,  whirl  round  the  axis  of  the  earth  with  the  unerring 
harmony  and  regularity  necessary  to  explain  the  apparent 
diurnal  rotation  of  the  firmament,  ought  to  have  raised  serious 
difficulties  and  doubts. 

But  with  the  knowledge  which  has  been  obtained  by  the 
labours  of  modern  astronomers  respecting  the  enormous  magni* 
tudes  of  the  principal  bodies  of  the  physical  universe,  magni- 
tudes compared  with  which  that  of  the  globe  of  the  earth 
dwindles  to  a  mere  point,  and  their  distances  under  the  expres- 
sion of  which  the  very  power  of  number  itself  almost  fails,  and 
recourse  is  had  to  colossal  units  in  order  to  enable  it  to  express 
even  the  smallest  of  them,  the  hypothesis  of  the  immobility  of 
the  earth,  and  the  diurnal  rotation  of  the  countless  orbs  of 
magnitudes  so  unconceivable  filling  the  immensity  of  space 
once  every  twenty-four  hours  round  this  grain  of  matter  com- 
posing our  globe,  becomes  so  preposterous  that  it  is  rejected, 
not  as  an  improbability,  but  as  an  absurdity  too  gross  to  be  even 
for  a  moment  seriously  entertained  or  discussed. 

2360.  Simplicity  and  intrinsic  probability  of  the  rotation  of 
the  earth. — But  if  any  ground  for  hesitation  in  the  rejection  of 
this  hypothesis  existed,  all  doubt  would  be  removed  by  the  sim- 
plicity and  intrinsic  probability  of  the  only  other  physical  cause 
which  can  produce  the  phenomena.  The  rotation  of  the  globe 
of  the  earth  upon  an  axis  passing  through  its  poles,  with  an 
uniform  motion  from  west  to  east  once  in  twenty-four  hours,  is 
a  supposition  against  which  not  a  single  reason  can  be  adduced 
based  on  improbability.  Such  a  motion  explains  perfectly  the 
apparent  diurnal  rotation  of  the  celestial  sphere.  Being  uni* 
form  and  free  from  irregularities,  checks,  or  jolts,  it  would  not 
be  perceivable  by  any  local  derangement  of  bodies  on  the  sur- 
face of  the  earth,  all  of  which  would  partipate  in  it.  Observers 
upon  the  surface  of  our  globe  would  be  no  more  conscious  of 
It,  than  are  the  voyagers  shut  up  in  the  cabin  of  a  canal  boat, 
or  transported  above  the  clouds  in  the  car  of  a  balloon, 

2351.  Direct  proofs  of  the  earth* s  rotation*  —  Irresistible, 
nevertheless,  as  this  logical  alternative  is,  the  universality  and 
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antiquitj  of  tbe  belief  in  the  immobility  of  the  earth,  and  the 
vast  physical  importance  of  the  principle  in  question,  have 
prompted  enquirers  to  search  for  direct  proofs  of  the  actual 
motion  of  the  earth  upon  its  axis.  Two  phenomena  have  ac- 
cordingly been  produced  as  immediate  and  conclusive  proof  of 
this  motion. 

2362.  Proof  by  the  descent  of  a  body  from  a  great  height, — 
It  has  been  already  (184)  shown  that  a  body  descending  from  a 
great  height  does  not  fall  in  the  true  vertical  line,  which  it 
would  if  the  earth  were  at  rest,  but  eastward  of  it,  which  it 
must,  if  the  earth  have  a  motion  of  rotation  from  west  to  east. 

2353.  M,  Leon  FoucauUs  mode  of  demonstration. — An  in- 
genious  expedient,  by  which  the  diurnal  rotation  of  the  earth  is 
rendered  visible,  has  been  conceived  and  reduced  to  experiment 
by  M.  Leon  Foucault  This  contrivance  is  based  upon  the 
principle,  that  the  direction  of  the  plane  of  vibration  of  a  pen- 
dulum is  not  affected  by  any  motion  of  translation  which  may 
be  given  to  its  point  of  suspension.  Thus,  if  a  pendulum  sus- 
pended in  a  room  and  put  into  vibration  in  a  plane  parallel  to 
one  of  the  walls  be  carried  round  a  circular  table,  the  plane 
of  its  vibration  will  continually  be  parallel  to  the  same  wall, 
and  will  therefore  vary  constantly  in  the  angle  it  forms  with 
the  radius  of  the  table  which  is  directed  to  it. 

Now,  if  a  pendulum,  suspended  any  where  so  near  the  pole  of 
the  earth  that  the  circle  round  the  pole  may  be  considered  a 
plane,  be  put  in  vibration  in  a  plane  passing  through  the  pole, 
this  plane>  continuing  parallel  to  its  original  direction  as  it  is 
carried  round  the  pole  by  the  earth's  rotation,  will  make  a 
varying  angle  with  the  line  drawn  to  the  pole  from  the  position 
it  occupies.  After  being  carried  through  a  quarter  of  a  revo- 
lution it  will  make  an  angle  of  90°  with  the  line  to  the  pole, 
and  so  on«  In  fine,  the  direction  of  the  pole  will  appear  to  be 
earned  round  the  plane  of  vibration  of  the  pendulum. 

The  same  effects  will  be  produced  at  greater  distances  from 
the  pole,  but  the  rate  of  variation  of  the  angle  under  the  plane 
of  vibration  and  the  plane  of  the  meridian  will  be  different, 
owing  to  the  effects  of  the  curvature  of  the  meridian. 

This  phenomenon,  therefore,  being  a  direct  effect  of  the  rota- 
tion of  the  earth,  supplies  a  proof  of  the  existence  of  that  mo- 
tion, attainable  without  reference  to  objects  beyond  the  limits 
of  the  globe. 
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2354.  Analogy  supplies  evidence  of  the  edrtKs  rotation,  — » 
The  obvious  analogy  of  the  planets  to  the  earth,  which  will 
appear  more  fully  hereafter,  would  supply  strong  evidence  in 
favour  of  the  earth's  rotation,  even  if  positive  demonstration 
were  wanting.  All  the  planets  are  globes  like  the  earth,  re- 
ceiving light  and  heat  from  the  same  luminary,  and,  like  the 
earth,  revolving  round  it.  Now  all  the  planets  which  we  have 
been  enabled  to  observe  have  motions  of  rotation  on  axes^  in 
times  not  very  different  from  that  of  the  earth. 

2366.  Figure  of  the  earth  supplies  another  proof  —  Besides 
these,  it  will  be  shown  hereafter  that  another  proof  of  the  rota- 
tion of  the  earth  is  supplied  by  a  peculiar  departure  from  the 
strictly  globular  form. 

2356.  How  this  rotation  of  the  earth  explains  the  diurnal  phe- 
nomena.— We  are  then  to  conclude  that  the  earth,  being  a  globe, 
has  a  motion  of  uniform  rotation  round  a  certain  diameter.  The 
universe  around  it  is  relatively  stationary,  and  the  bodies  which 
composeitbeing  at  distances  which  mere  vision  cannot  appreciate, 
appear  as  if  they  were  situate  on  the  surface  of  a  vast  celestial 
sphere  in  the  centre  of  which  the  earth  revolves.  This  rotation 
of  the  earth  gives  to  the  sphere  the  appearance  of  revolving  in 
the  contrary  direction,  as  the  progressive  motion  of  a  boat  on  a 
river  gives  to  the  banks  an  appearance  of  retrogressive  motion  ; 
and  since  the  apparent  motion  of  the  heavens  is  from  east  to 
wes^  the  real  rotation  of  the  earth  which  produces  that  appear-, 
ance  must  bo  from  west  to  east. 

How  this  motion  of  rotation  explains  the  phenomena  of  the 
rising  and  setting  of  celestial  objects  is  easily  understood.  An 
observer  placed  at  any  point  upon  the  surface  of  the  earth  is 
carried  round  the  axis  in  a  circle  in  twenty-four  hours,  so  that 
every  side  of  the  celestial  sphere  is  in  succession  exposed  to  his 
view.  As  he  is  carried  upon  the  side  opposite  to  that  in  which 
the  sun  is  placed,  he  sees  the  starry  heavens  visible  in  the  ab- 
sence of  the  splendour  of  that  luminary.  As  he  is  turned  gra- 
dually towards  the  side  where  the  sun  is  placed,  its  light  begins 
to  appear  in  the  firmament,  the  dawn  of  morning  is  manifested, 
and  the  globe  continuing  to  turn,  he  is  brought  into  view  of  the 
luminary  itself,  and  all  the  phenomena  of  dawn,  morning,  and 
sunrise  are  exhibited.  While  he  is  directed  towards  the  side  of 
the  firmament  in  which  the  sun  is  placed,  the  other  bodies  of 
inferior  lustre  are  lost  in  the  splendour  of  that  luminary,  and 
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all  the  phenomena  of  daj  are  exhibited.  When  bj  the  con- 
tinued rotation  of  the  globe  the  observer  begins  to  be  turned 
awaj  firom  the  direction  of  the  sun,  that  luminary  declines,  and 
at  length  disappears,  producing  all  the  phenomena  of  evening 
and  sunset. 

Such,  in  general,  are  the  effects  which  would  attend  the  mo- 
tion of  a  spectator  placed  upon  the  earth's  surface,  and  carried 
round  with  it  hy  its  motion  of  rotation.  He  is  the  spectator  of 
a  gorgeous  diorama  exhibited  on  a  vast  scale,  the  earth  which 
forms  his  station  being  the  revolving  stage  by  which  he  is  car- 
ried round,  so  as  to  view  in  succession  the  spectacle  which 
surrounds  him. 

These  appearances  vary  with  the  position  assumed  by  the 
observer  on  this  revolving  stage,  or,  in  other  words,  upon  his 
situation  on  the  earth,  as  will  presently  appear. 

2357.  The  earth^s  axis.  —  That  diameter  upon  which  it  is 
necessary  to  suppose  the  earth  to  revolve  in  order  to  explain 
the  phenomena  is  that  which  passes  through  the  terrestrial 
poles. 

2368.  The  terrestial  equator,  poles,  and  meridians.  —  If  the 
globe  of  the  earth  be  imagined  to  be  cut  by  a  plane  passing 
through  its  centre  at  right  angles  to  its  axis,  such  a  plane  will 
meet  the  surface  in  a  circle,  which  will  divide  it  into  two  hemi- 
spheres, at  the  summits  of  which  the  poles  are  situate.  This 
circle  is  called  the  terrestrial  equator. 

That  hemisphere  which  includes  the  continent  of  Europe  is 
called  the  northern  hemisphere,  and  the  pole  which  it  in^ 
eludes  is  called  the  northern  terrestrial  pole  ;  the  other 
hemisphere  being  the  southern  hemisphere,  and  including 
the  SOUTHERN  terrestrial  pole. 

If  the  surface  of  the  earth  be  imagined  to  be  intersected  by 
planes  passing  through  its  axis,  they  will  meet  the  surface  in 
circles  which,  passing  through  the  poles,  will  be  at  right  angles 
to  the  equator.  These  circles  are  called  terrestrial  herj- 
piANS,  and  will  be  seen  delineated  on  any  ordinary  terrestrial 
globe. 

2859.  Latitude  and  longitude,  —  The  positions  of  places  upon 
the  surface  of  the  earth  are  expressed  and  indicated  by  stating 
their  distance  north  or  south  of  the  equator,  meaisured  upon  a 
meridian  passing  through  them,  and  by  the  distance  of  such 
meridian  east  or  west  of  some  fixed  meridian  arbitrarily  selected, 
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such  as  the  meridian  passing  through  the  observatory  at  Green- 
wich. The  former  distance,  expressed  in  degrees,  minutes,  and 
seconds,  is  called  the  Latitude,  and  the  latter,  similarly  ex- 
pressed,  the  Longitude  of  the  place. 

2360.  Fixed  meridians  —  those  of  Greenwich  and  Paris,  — 
As  no  natural  phenomenon  is  found  by  which  a  fixed  meridian 
from  which  longitude  is  measured  can  be  determined,  astro- 
nomers and  geographers  have  not  agreed  in  the  arbitrary  selec- 
tion of  one.  The  meridians  of  the  Greenwich  and  Paris  obser- 
vatories have  been  taken,  the  former  by  English  and  the  latter 
by  French  authorities,  as  the  starting-point.  To  reduce  the 
longitudes  expressed  by  either  to  the  other,  it  is  only  necessary 
to  add  or  subtract  the  angle  under  the  meridians  of  the  two  ob- 
servatories, which  has  been  ascertained  to  be  2^  20'  22",  the  meri- 
dian of  Paris  being  east  of  that  of  Greenwich. 

2361.  How  the  diurnal  phenomena  vary  with  the  latitude, — 
Let  SiENQ,  ^.  696.,  represent  the  earth  suspended  in  space, 
surrounded  at  an  immeasurable  distance  by  the  stellar  universe. 
The  magnitude  of  the  earth  being  absolutely  insignificant  com- 
pared with  the  distances  of  the  stars,  the  aspect  of  these  will 
be  the  same  whether  they  are  viewed  from  any  point  on  its 
surface,  or  from  its  centre.  The  observer  may  therefore, 
whatever  be  his  position  on  the  earth,  be  considered  as  looking 
from  the  centre  of  the  celestial  sphere. 

Let  us  suppose,  in  the  first  place,  the  observer  to  be  at  o,  a 
point  on  its  surface  between  the  equator  x  and  the  north  pole 
N,  the  latitude  of  which  will  therefore  be  oje,  and  will  be 
measured  by  the  angle  oc^.  If  a  line  be  imagined  to  be 
drawn  from  the  centre  c  through  the  place  o  of  the  observer, 
and  continued  upwards  to  the  firmament,  it  will  arrive  at  the 
point  Zf  which  is  the  zenith  of  the  observer.  If  the  terrestrial 
axis  SN  be  imagined  to  be  continued  to  the  firmament,  it  will 
arrive  at  the  north  celestial  pole  n  and  the  south  celestial  pole 
s.  If  the  plane  of  the  terrestrial  equator  Mq  be  supposed  to  be 
continued  to  the  heavens,  it  will  intersect  the  surface  of  the 
celestial  sphere  at  the  celestial  equator  ts  g. 

The  observer  placed  at  o  will  see  the  entire  hemisphere  hzh' 
of  which  his  zenith  z  is  the  summit;  and  the  other  hemisphere 
^sh'  will  be  invisible  to  him,  being  in  fact  concealed  from  his 
view  by  the  earth  on  which  he  stands. 

It  is  evident  that  the  arc  of  the  heavens  zn  between  his 
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zenith  and  the  north  celestial  pole  consists  of  the  same  number 
of  degrees  as  the  arc  ON  of  the  terrestrial  meridian  between  his 


Fig.  696. 

place  of  observation  o  and  the  north  terrestrial  pole  n.  The 
zenith  distance  therefore  of  the  visible  pole  at  any  place  is 
always  equal  to  the  actual  distance  expressed  in  degrees  of  that 
place  from  the  terrestrial  pole,  and  as  this  distance  is  the 
COMPLEMENT*  OF  THE  LATITUDE,  it  foUows  that  the  zenith 
distance  of  the  visible  pole  is  the  complement  of  the  latitude, 
and  that  the  altitude  of  the  visible  pole  is  equal  to  the  latitude 
of  the  place. 

*  The  complenient  of  an  angle  or  arc  U  that  number  of  degrees  by  which 
it  differs  from  90^.     Thus  30^  is  the  compl(;ment  of  60^. 
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2362.  Method  of  finding  the  latitude  of  the  place,  — The 
latitude  of  the  place  of  observation  maj  therefore  be  always 
determined  if  the  altitude  of  the  celestial  pole  can  be  observed. 
If  there  were  any  star  situate  precisely  at  the  pole,  it  would 
therefore  be  sufficient  to  observe  its  altitude.  There  is,  however, 
no  star  exactly  at  the  pole,  although,  as  has  been  already 
observed,  the  pole  star  is  very  near  it.  The  altitude  of  the 
pole  is  found,  therefore,  not  by  one,  but  by  two  observations. 
The  pole  star,  or  any  other  star  situate  near  the  pole,  is  carried 
round  it  in  a  circle  by  the  apparent  diurnal  motion  of  the 
sphere,  and  it  necessaiily  crosses  the  meridian  twice  in  each 
revolution,  once  above,  and  once  below  the  pole.  Its  altitude  in 
the  latter  position  is  the  leasts  and  in  the  former  the  greatest  it 
ever  has ;  and  the  pole  itself  is  just  midway  between  these  two 
extreme  positions  of  this  circumpolar  star.  To  find  the  actual 
altitude  of  the  pole,  it  is  only  necessary  therefore  to  take  the 
meauy  that  is,  half  the  sum  of  these  two  extreme  altitudes.  By 
making  the  same  observations  with  several  circumpolar  stars, 
and  taking  a  mean  of  the  whole,  still  greater  accuracy  may  be 
attained. 

2363.  Position  of  celestial  equator  and  poles  vaHes  with  the 
latitude, — Since  the  altitude  of  the  celestial  pole  is  everywhere 
equal  to  the  latitude  of  the  place,  and  since  the  position  of  the 
celestial  equator  and  its  parallels  in  which  all  celestial  objects 
appear  to  be  moved  by  the  diurnal  rotation,  varies  with  that  of 
the  pole,  it  is  evident  that  the  celestial  sphere  must  present  a 
different  appearance  to  the  observer  at  every  different  latitude. 
In  proceeding  towards  the  terrestrial  pole,  the  celestial  pole 
will  gradually  approach  the  zenith,  until  we  arrive  at  the  terres- 
trial pole,  when  it  will  actually  coincide  with  that  point;  and  in 
proceeding  towards  the  terrestrial  equator  the  celestial  pole 
will  gradually  descend  towards  the  horizon,  and  on  arriving  at 
the  Line  it  will  be  actually  on  the  horizon. 

2364.  Parallel  sphere  seen  at  the  poles, — At  the  poles,  there<» 
fore,  the  celestial  pole  being  in  the  zenith,  the  celestial  equator 
will  coincide  with  the  horizon,  and  by  the  diurnal  motion  all 
objects  will  move  in  circles  parallel  to  the  horizon.  Every 
object  will  therefore  preserve  during  twenty-four  hours  the 
same  altitude  and  the  same  zenith  distance.  No  object  will 
either  rise  or  set,  at  least  30  far  as  the  diurnal  motion  is 
concerned. 
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This  aspect  of  the  firmament  is  called  a  parallel  sPHfiRE, 
the  motion  being  parallel  to  the  horizon. 

2365.  Right  sphere  seen  at  the  equator,  —  At  the  terrestrial 
equator,  the  poles  being  upon  the  horizon,  the  axis  of  the  celes-^ 
tial  sphere  will  coincide  with  a  line  drawn  upon  the  plane  of 
the  horizon  connecting  the  north  and  south  points.  The 
celestial  equator  and  its  parallels  will  be  at  right  angles  to  the 
plane  of  the  horizon ;  and  since  the  plane  of  the  horizon  passes 
through  the  centre  of  all  the  parallels,  it  will  divide  them  all 
into  equal  semicircles.  : 

It  follows,  therefore,  that  all  objects  on  the  heavens. will  be 
equal  times  above  and  below  the  horizon,  and  that  thej  will 
rise  and  set  in  planes  perpendicular  to  the  horizon. 

This  aspect  of  the  firmament  is  called  a  bight  sphere,  thd 
diurnal  motion  being  at  right  angles  to  the  horizon. 

2366.  Oblique  sphere  seen  at  intermediate  latitudes.  —  At 
latitudes  between  the  equator  and  pole,  the  celestial  pole  holds 
a  place  between  the  horizon  and  the  zenith  determined  by  the 
latitude.  The  celestial  equator  req,  fig.  696.,  and  its  parallels^ 
are  inclined  to  the  plane  of  the  horizon  at  angles  equal  to  the 
distance  of  the  pole  from  the  zenith,  and  therefore  equs^l  to  the 
complement  of  the  latitude*  The  centres  of  all  parallels  to  the 
celestial  equator  (Bq  which  are  between  it  and  the  visible  pole  are 
above  the  plane  of  the  horizon,  between  c  and  n,  and  the  centres 
of  all  parallels  at  the  other  side  of  the  equator  below  it.  The 
parallels,  such  as  Vm'  and  /m,  will  therefore  be  all  divided  un- 
equally  by  the  plane  of  the  horizon,  the  visible  part  /V  being 
greater  than  the  invisible  part  mV  for  the  former,  and  the 
invisible  part  mr  greater  than  the  visible  part  It  for  the 
latter. 

It  follows,  therefore,  that  all  objects  between  the  celestial 
equator  <Bq  and  the  visible  pole  N  will  be  longer  above  tiian 
below  the  horizon,  and  all  objects  on  the  other  side  of  the 
equator  will  be  longer  below  the  horizon  than  above  it, 

A  parallel  A'^  to  the  celestial  equator,  whose  distance  from 
the  visible  pole  is  equal  to  the  latitude,  will  be  entirely  above 
the  horizon,  just  touching  it  at  the  point  under  the  visible  pole ; 
and  a  corresponding  parallel  A  A,  at  an  equal  distance  from  the 
invisible  pole,  vrill  be  entirely  below  the  horizon,  just  touching 
it  at  the  point  above  the  invisible  pole. 

All  parallels  nearer  to  the  visible  pole  than  K  K  will  be  en<* 
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tirelj  above  the  horizon,  and  all  parallels  nearer  to  the  invisible 
pole  than  h  k  will  be  entirely  below  it. 

Hence  it  is  that,  in  European  latitudes^  stars  within  a  certain 
limited  distance  of  the  north  or  visible  celestial  pole  never  set, 
and  stars  at  a  corresponding  distance  from  the  south  or  in- 
visible celestial  pole  never  rise. 

The  observer  can  only  see  these  by  going  to  places  of  ob- 
servation having  lower  latitudes. 

This  aspect  of  the  firmament  is  called  an  oblique  sphebe, 
the  diumid  motion  being  oblique  to  the  horizon. 

2367*  Objects  in  celestial  equator  equal  times  above  and  below 
horizon,  —  Whether  the  sphere  be  right  or  oblique,  the  centre 
of  the  celestial  equator  being  on  the  plane  of  the  horizon,  one 
half  of  that  circle  will  be  below,  and  the  other  above  the  horizon. 
Every  object  upon  it  will  therefore  be  equal  times  above  and 
below  the  horizon,  rising  and  setting  exactly  at  the  east  and 
west  points. 

In  the  parallel  sphere,  the  celestial  equator  coinciding  with 
the  horizon,  an  object  upon  it  will  be  carried  round  the  horizon 
by  the  diurnal  rotation,  without  either  rising  or  setting.* 

2368.  Method  of  determining  the  longitude  of  places,  —  This 
perfect  uniformity  of  the  earth's  rotation,  inferred  from  the  ob« 
served  uniformity  of  the  apparent  rotation  of  the  firmament,  is 
the  basis  of  all  methods  of  determining  the  longitude.  The 
longitude  of  a  place  will  be  determined  if  the  angle  under  the 
meridian  of  the  place,  and  that  of  any  other  place  whose  lon- 
gitude is  known,  can  be  found.  But  since,  by  the  uniform 
rotation  of  the  globe,  the  meridians  of  all  places  upon  it  are 
brought  in  regular  succession  under  every  part  of  the  firmament, 
the  moments  at  which  the  two  meridians  pass  under  the  same 
star,  or,  what  is  the  same,  the  moments  at  which  the  same  star 
is  seen  to  pass  over  the  two  meridians,  being  observed,  the  in- 
terval will  bear  the  same  ratio  to  the  entire  time  of  the  earth's 
rotation  as  the  difference  of  the  longitudes  of  the  two  places 
bears  to  360^. 

*  The  teftcher  will  find  it  advantageout  to  exercise  the  student  in  the 
subject  of  the  preceding  paragraphs,  aided  bj  an  armillary  sphere,  or,  if  that 
be  not  accessible,  bj  a  celestial  globe,  which  will  serve  nearly  as  well* 
Many  questions  will  suggest  themselves,  arising  out  of  and  deducible  from 
what  has  been  explained  above,  with  respect  to  the  various  altitudes  of  the 
phere  in  diflTerent  latitudes. 
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To  make  this  more  clear,  let  us  take  the  case  of  two  places 
P  and  p',  fig.  697.,  upon  the  equator. 
If  o  be  the  centre  of  the  earth,  the 
angle  pcp'  will  be  the  diflference  be- 
tween the  longitudes.  Now,  let  the  time 
be  observed  at  each  place  at  which  any 
particular  star  s  is  seen  upon  the  me- 
ridian. If  the  motion  of  the  earth  be 
in  the  direction  of  the  arrow,  the  me- 
ridian of  P  will  come  to  the  star  before 
the  meridian  of  p'.  This  necessarily 
supposes  p  to  be  east  of  p',  since  the 
earth  revolves  from  west  to  east.  Let 
the  true  interval  of  time  between  the 
passage  of  s  over  the  two  meridians  be 
^  let  T  be  the  time  of  one  complete  revo- 
Fig.  697.  lution  of  the  globe  on  its  axis,  and  let  l 

be  the  diflference  of  the  longitudes,  or  the  angle  pcp';   we 

shall  then  have 

t\  t::  l:  360^ 

L=  -x360^ 

T 

But  in  the  practical  solution  of  this  problem  a  diflUculty  is  pre- 
sented which  has  conferred  historical  celebrity  upon  the  ques- 
tion, and  caused  it  to  be  referred  to  as  the  type  of  all  difficult 
enquiries.  It  is  supposed,  in  what  has  just  been  explained,  that 
means  are  provided  at  the  two  places  p  and  p"*  by  which  the 
absolute  moments  of  the  transit  of  the  star  over  the  respective 
meridians  may  he  ascertained,  so  as  to  give  the  exact  interval 
between  them.  If  these  moments  be  observed  by  any  form  of 
chronometer,  it  would  then  be  necessary  that  the  two  chrono- 
meters should  be  in  exact  accordance,  or,  what  is  the  same,  that 
their  exact  diflference  may  be  known.  If  a  -chronometer,  set 
correctly  by  another  which  is  stationary  at  one  place  p,  be 
transported  to  the  other  place  p^,  this  object  will  be  attained, 
subject,  however,  to  the  error  which  may  be  incidental  to  the 
rate  of  the  chronometer  thus  transported.  If  the  distance  be- 
tween the  places  be  not  considerable,  the  chronometers  may  thus 
be  brought  into  very  exact  accordance ;  but  when  the  distance 
is  great,  and  that  a  long  interval  must  elapse  during  the  trans- 
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port  of  the  chronometer,  this  expedient  is  subject  to  errors  too 
fsonsiderable  to  be  tolerated  in  the  solution  of  a  problem  of  such 
capital  importance. 

It  will  be  apparent  that  the  real  object  to  be  attained  is,  to 
find  some  phenomenon  sufficiently  instantaneous  in  its  mani- 
festation to  mark,  with  all  the  necessary  precision,  a  certain 
moment  of  time.  Such  a  phenomenon  would  be,  for  example, 
the  sudden  extinction  of  a  conspicuous  light  seen  at  once  at 
both  places.  The  moment  of  such  a  phenomenon  being  ob- 
served by  means  of  two  chronometers  at  the  places^  the  differ- 
ence of  the  times  indicated  by  them  would  be  known,  and  they 
would  then  serve  for  the  determination  of  the  difference  of  the 
longitudes  by  the  method  explained  above.  Several  pheno- 
mena^  both  terrestrial  and  celestial,  have  accordingly  been 
used  for  this  purpose.  Among  the  former  may  be  mentioned 
the  sudden  extinction  of  the  oxyhydrogen  or  electric  light,  the 
explosion  of  a  rocket,  &c. ;  among  the  latter,  the  extinction  of  a 
istar  by  the  disk  of  the  moon  passing  over  it,  and  the  eclipse  of 
the  satellites  of  certain  planets,  phenomena  which  will  be  more 
fully  noticed  hereafter. 

2369.  Lunar  method  of  finding  the  longitude,  —  The  change 
of  position  of  the  moon  with  relation  to  the  sun  and  stars  being 
very  rapid,  affords  another  phenomenon  which  has  been  found 
of  great  utility  in  the  determination  of  the  longitude,  especially 
for  the  purposes  of  mariners.  Tables  are  calculated  in  which 
the  moon's  apparent  distances  from  the  sun,  and  many  of  the 
most  conspicuous  fixed  stars,  are  given  for  short  intervals  of  time, 
and  the  exact  times  at  Greenwich  when  the  moon  has  these 
distances  are  given.  If  then  the  mariner,  observing  with  proper 
instruments  the  position  of  the  moon  with  relation  to  these 
objects,  compares  his  observed  distances  with  the  tables  which 
are  supplied  to  him  in  the  Nautical  Almanack,  he  will  find  the 
time  at  Greenwich  corresponding  to  the  moment  of  his  obser<» 
vation  ;  and  being  always,  by  the  ordinary  methods,  able  to  de« 
termine  by  observation  the  local  time  at  the  place  of  his  obser- 
vation, the  difference  gives  him  the  time  required  for  a  star  to 
pass  from  the  meridian  of  Greenwich  to  the  meridian  of  the 
place  of  hit  observation,  or  vice  versa;  and  this  time  gives  the 
longitude,  as  already  explained. 

This  last  is  known  as  the  Lunar  method  of  determining 

THE  LONGITUDE. 
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'  In  practice,  many  details  are  necessary,  and  various  calcula- 
tions must  be  made,  which  cannot  be  explained  here. 

2370.  Method  by  electric  telegraph,  —  When  two  places  are 
connected  bj  a  line  of  electric  telegraph,  their  difference  of 
longitude  can  be  easily  and  exactly  determined,  inasmuch  as  in* 
stantaneous  signals  can  be  transmitted,  by  which  the  local  clocks 
can  be  compared  and  regulated,  and,  if  it  be  so  desired,  kept  in 
exact  accordance. 

2371-  Parallels  of  latitude. —  A  series  of  points  on  the  earth 
which  are  at  equal  distances  from  the  equator,  or  which  have 
the  same  latitude,  form  a  circle  parallel  to  the  equator,  called  a 

PARALLEL  OF  LATITUDE. 

Thus  all  places  which  have  the  same  latitude  are  on  the  same 
parallel. 

All  places  which  are  on  the  same  meridian  have  the  same 
longitude. 


CHAP.  V. 

8PHEBOIDAL  FORtf,   MASS,   AND   DENSITY  OP   THE   EARTH. 

2372.  Progress  of  physical  investigation  approximative. —  It  is 
the  condition  of  man,  and  probably  of  all  other  finite  intelli- 
gences, to  arrive  at  the  possession  of  knowledge  by  the  slow 
and  laborious  process  of  a  sort  of  system  of  trial  and  error. 
The  first  conclusions  to  which,  in  physical  enquiries,  observation 
conducts  us,  are  never  better  than  very  rough  approximations 
to  the  truth.  These  being  submitted  to  subsequent  comparison 
with  the  originals,  undergo  a  first  series  of  c(»rrections,  the  more 
prominent  and  conspicuous  departures  from  conformity  being 
removed.  A  second  approximation,  but  still  only  an  approxi- 
mation, is  thus  obtained  ;  and  another  and  still  more  severe  com- 
parison with  the  phenomena  under  investigation  is  made,  and 
another  order  of  corrections  is  effected,  and  a  closer  approxima- 
tion obtained.  Nor  does  this  progressive  approach  to  perfect 
exactitude  appear  to  have  any  limit.  The  best  results  of  our 
intellectual  labours  are  still  only  close  resemblances  to  truth, 
the  absolute  perfection  of  which  is  probably  reserved  for  a 
higher  intellectual  state. 
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The  labours  of  the  physical  enquirer  resemble  those  of  the 
sculptor,  whose  first  efforts  produce  from  the  block  of  marble  a 
rude  and  uncouth  resemblance  of  the  human  form,  which  only 
approaches  the  grace  and  beauty  of  nature  by  comparing  it  in- 
cessantly and  indefatigably  with  the  original ;  detaching  from 
it  first  the  grosser  and  rougher  protuberances,  and  subsequently 
reducing  its  parts  by  the  nicer  and  more  delicate  touches  of  the 
chisel  to  near  conformity  with  the  model. 

It  would  however  be  a  great  mistake  to  depreciate  on  this 
account  the  results  of  our  first  efforts  in  the  acquisition  of  a 
knowledge  of  the  laws  of  nature.  If  the  first  conclusions  at 
which  we  arrive  are  erroneous,  they  are  not  therefore  the  less 
necessary  to  the  ultimate  attainment  of  more  exact  knowledge. 
They  prove,  on  the  contrary,  not  only  to  be  powerful  agents  in 
the  discovery  of  those  corrections  to  which  they  are  themselves 
to  be  submitted,  but  to  be  quite  indispensable  to  our  progress 
in  the  work  of  investigation  and  discovery. 

These  observations  will  be  illustrated  by  the  process  of  in- 
struction and  discovery  in  every  department  of  physical  science, 
but  in  none  so  frequently  and  so  forcibly  as  in  that  which  now 
occupies  us. 

2373.  Figure  of  the  earth  an  example  of  this,  —  The  first 
conclusions  at  which  we  have  arrived  respecting  the  form  of  the 
earth  is  that  it  is  a  globe ;  and  with  respect  to  its  motion  is,  that 
it  is  in  uniform  rotation  round  one  of  its  diameters,  making  one 
complete  revolution  in  twenty-four  hours  sidereal  time,  or 
23^*  56"*  4'09*'  common  or  civil  time. 

2374.  Globular  figure  imcompatible  with  rotation.  —  The 
first  question  then  which  presents  itself  is,  whether  this  form 
and  rotation  are  compatible  ?  It  is  not  difficult  to  show,  by  the 
most  simple  principles  of  physics,  that  they  are  not ;  that  with 
such  a  form  such  a  rotation  could  not  be  maintained,  and  that 
with  such  a  rotation  such  a  form  could  not  permanently  con- 
tinue. And  if  this  can  be  certainly  established,  it  will  be  ne- 
cessary to  retrace  our  steps,  to  submit  our  former  conclusions 
to  more  rigorous  comparison  with  the  objects  and  phenomena 
from  which  they  were  derived,  and  ascertain  which  of  them  is 
inexact,  and  what  is  the  modification  and  correction  to  which  it 
must  be  submitted  in  order  to  be  brought  into  harmony  with 
the  other. 

2375.  Rotation  cannot  be  modified  —  supposed  form  may.^^ 
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The  conclusion  that  the  earth  revolves  on  its  axis  with  a  motion 
corresponding  to  the  apparent  rotation  of  the  firmament,  is  one 
which  admits  of  no  modification,  and  must  from  its  nature  be 
either  absolutely  admitted  or  absolutelj  rejected.  The  globular 
form  imputed  to  the  earth,  however,  has  been  inferred  for  ob* 
servations  of  a  general  nature,  unattended  by  any  conditions  of 
exact  measurement,  and  which  would  be  equally  compatible 
with  innumerable  forms,  departing  to  a  very  considerable  a&d 
measurable  extent  from  that  of  an  exact  geometrical  sphere  or 
globe. 

2376.  HbtP  rotation  would  offset  the  superficial  gravity  on  a 

globe. — Let  N  Q  8,  Jig.  698.,  repre- 
sent a  section  of  a  globe  supposed 
to  have  a  motion  of  rotation  round 
the  diameter  n  s  as  an  axis.  Every 
point  on  its  surface,  such  as  p  or  p^, 
will  revolve  in  a  circle,  the  centre 
of  which  o  or  o'  will  be  upon  the 
axis,  and  the  radius  o  p  or  o'  p" 
will  gradually  decrease  in  ap- 
proaching the  poles  n  and  s,  where 
^'  ^^®*  no  motion  takes  place,  and  will 

gradually  increase  in  approaching  the  equator  Q  o  Q,  where  the 
circle  of  rotation  will  be  the  equator  itself. 

A  body  placed  at  any  part  of  the  surface,  such  as  p,  being 
thus  carried  round  in  a  circle,  will  be  afiected  by  a  centrifugal 
force,  the  intensity  of  which  will  be  expressed  by  (314) 

c=l-226xBXN»xw, 

where  r=p  o,  the  radius  of  the  circle,  n  the  fraction  of  a  revo- 
lution made  in  one  second,  and  w  the  weight  of  the  body,  and 
the  direction  of  which  is  p  c. 

This  centrifugal  force  being  expressed  by  p  c  is  equivalent 
(170)  to  two  forces  expressed  in  intensity  and  direction  hj  pm 
and  p  n.  The  component  p  m  is  directly  opposed  to  the  weight 
w  of  the  body,  which  acts  in  the  line  p  o  directed  to  the  centre, 
and  has  the  effect  of  diminishing  it.  The  component  p  n  being 
directed  towards  the  equator  q,  has  a  tendency  to  cause  the  body 
to  move  towards  the  equator ;  and  the  body,  if  free,  would  ne- 
cessarily so  move. 

Now  it  will  be  evident,  by  the  mere  inspection  of  the  diagram, 
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that  the  nearer  the  point  p  is  to  the  equator  Q,  the  more  di- 
rectly will  the  centrifugal  force  p  c  be  opposed  to  the  weight, 
and  consequently  the  greater  will  be  that  component  of  it,  p  n?, 
which  will  have  the  effect  of  diminishing  the  weight 

But  this  diminution  of  the  weight  is  further  augmented  by 
the  increase  of  the  actual  intensity  of  the  centrifugal  force  itself 
in  approaching  the  equator.  By  the  above  formula,  it  appears 
that  the  intensity  of  the  centrifugal  force  must  increase  in  pro- 
{)ortion  as  the  radius  r  or  p  o  increases.  Now  it  is  apparent 
that  p  o  increases  gradually  in  going  from  p  to  q,  since  p'  o'  is 
greater,  and  Q  o  greater  still  than  p  o  ;  and  that,  on  the  other 
hand,  it  decreases  in  going  from  p  to  n  or  s,  where  it  becomes 
nothing. 

Thus  the  effect  of  the  centrifugal  force  in  diminishing  weight 
being  nothing  at  the  pole  n  or  s,  gradually  increases  in  ap- 
proaching the  equator;  Jirst^  because  its  absolute  intensity  gra- 
dually increases;  and  aecondlyy  because  it  is  more  and  more 
directly  opposed  to  gravity  until  we  arrive  at  the  equator  itself, 
where  its  intensity  is  greatest,  and  where  it  is  directly  opposed 
to  gravity. 

The  effects,  therefore,  produced  by  the  rotation  of  a  globe, 
such  as  the  earth  has  been  assumed  to  be,  are — P.  The  decrease 
of  the  weights  of  bodies  upon  its  surface,  in  going  from  the  pole 
to  the  equator;  and  2**.  A  tendency  of  all  such  bodies  as  are  free 
to  move  from  higher  latitudes  in  either  hemisphere  towards  the 
equator. 

2377.  Amount  of  the  diminution  of  weight  produced  at  the 
equator  by  centrifugal  force,  —  This  quantity  may  be  easily 
computed  by  means  of  the  formula 

c=l'226xRXN«xw. 

Taking  the  radius  of  the  equator  in  round  numbers  (which  are 
sufficient  for  this  purpose)  at  4000  miles,  and  reducing  it  to  feet, 
and  reducing  the  time  of  rotation  23'*'  o6™*  4-09»*  to  seconds,  we 
shall  have 

B  =  21.120,000.  K  =  g^g: 

substituting  these  numbers  we  have 

c  =  1,226  X  21,120,000  x  (35216)^  ^  ^' 
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and  executing  the  arithmetical  operations  here  indicated,  we 
find 

The  centrifugal  force  would  therefore  be  the  287th  part  of  the 
weight,  and  as  it  is  directly  opposed  to  gravity,  the  weight 
would  sustain  this  entire  loss. 

2378.  Loss  of  weight  at  other  latitudes,  —  The  centrifugal 
force  at  any  latitude  p  would  be  less  than  at  q  in  the  ratio  of  o  Q 
to  o  p.  But  the  part  of  this  p  m  which  is  directly  opposed  to 
the  weight  is  less  than  the  whole  p  c,  in  the  ratio  of  p  c  to  p  9it, 
or,  what  is  the  same,  of  p  o  or  o  Q  to  p  o.  If  then  c'  express  the 
whole  centrifugal  force  at  p,  and  (/'  that  part  of  it  which  is  di- 
rectly opposed  to  gravity,  we  shall  have 

287    OQ  OQ    287     KoqJ' 

P  O 

The  number  which  expresses  —  is  that  which  is  called  in 

Trigonometry  the  cosine  of  the  arc  p  q,  that  is,  the  cosine  of  the 
latitude.     Therefore  we  have 

*='-257^""'-'^*- 

The  loss  of  weight,  therefore,  which  would  be  sustained  by 
reason  of  the  centrifugal  force  at  any  proposed  latitude,  would 
be  a  fraction  of  the  whole  weight  found  by  dividing  the  square 
of  the  cosine  of  latitude  by  287. 

2379.  Effect  of  centrifugal  force  on  the  geographical  condi- 
tion of  the  surface  of  the  globe,  —  In  what  precedes,  we  have 
only  considered  the  effect  of  that  one,  p  ^  of  the  two  components 
of  the  centrifugal  force  which  is  opposed  to  the  weight.  It 
remains  to  examine  the  effect  of  the  other,  p  n,  which  is  directed 
towards  the  equator. 

If  the  surface  of  the  globe  were  composed  altogether  of  solid 
matter,  of  such  coherence  as  to  resist  separation  by  the  agency 
of  this  force,  no  other  effect  would  take  place  except  a  tendency 
towards  the  equator,  which  would  be  neutralized  by  cohesion. 
But  if  the  suiface  or  any  parts  of  it  were  fiuid,  whether  liquid 
or  gaseous,  such  parts,  in  virtue  of  their  mobility,  would  yield 
to  the  impulse  of  the  element  p  n  of  the  centrifugal  force,  and 

HI.  G 


Digitized  by 


Google 


122  ASTRONOMY. 

would  flow  towards  the  equator.  The  waters  of  the  surface 
would  thus  flow  from  the  higher  latitudes  in  either  hemisphere, 
and  accumulating  round  the  equator,  the  surface  of  the  globe 
would  be  resolved  into  two  great  polar  continents,  separated  by 
a  vast  equatorial  ocean. 

2380.  Such  effects  not  existingy  the  earth  cannot  be  an  exact 
globe. — But  such  is  not  the  actual  geographical  condition  of  the 
surface  of  the  globe.  On  the  contrary,  although  about  two-thirds 
of  it  are  covered  with  water,  no  tendency  of  that  fluid  to  accu- 
mulate more  about  the  equator  than  elsewhere  is  manifested. 
Land  and  water,  if  not  indiflerently  distributed  over  the  surface, 
are  certainly  not  apportioned  so  as  to  indicate  any  tendency  such 
as  that  above  described.  If,  therefore,  the  rotation  of  the  earth  be 
admitted,  it  follows  that  its  figure  must  be  such  as  to  counteract 
the  tendency  of  fluid  matter  to  flow  towards  any  one  part  of  the 
surface  rather  than  any  other.  In  short,  its  figure  must  be 
such  that  gravity  itself  shall  counteract  that  element  p  «  of  the 
centrifugal  force  which  tends  to  move  a  body  from  the  higher 
latitudes  of  either  hemisphere  towards  the  equator. 

2381.  The  figure  must  therefore  be  some  sort  of  oblate 
spheroid, — Now  this  condition  would  be  fulfilled,  if  the  earth, 
instead  of  being  an  exact  sphere,  were  an  oblate  spheroid,  hav- 
ing a  certain  definite  elliptic! ty, — that  is,  a  figure  which  would 
be  produced  by  an  ellipse  revolving  round  its  shorter  axis. 
Such  a  figure  would  resemble  an  orange  or  a  turnip.  It  would 
be  more  convex  at  the  equator  than  at  the  poles.  A  globe  com- 
posed of  elastic  materials  would  be  reduced  to  such  a  figure  by 
pressing  its  poles  together,  so  as  to  flatten  more  or  less  the  sur- 
face of  these  points,  and  produce  a  protuberance  around  the  equa- 
tor. The  meridians  of  such  a  globe 
would  be  ellipses,  having  its  axis  as 
their  lesser  axis,  and  the  diameters  of 
the  equator  as  their  greater  axes. 

The  form  of  the  meridian  would 
be  such  as  is  represented  in^^.  699., 
NS  being  the  axis  of  rotation,  and 
Fig.  699.  j^  Q  i\^Q  equatorial  diameter. 

2382.  Its  elUpticity  must  depend  on  gravity  and  centrifugal 
force. — The  protuberance  around  the  equator  may  be  more  or 

less,  according  to  the  ellipticity  of  the  spheroid ;  but  since  the 
distribution  of  land  and  water  is  indifferent  on  the  surface. 
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having  no  prevalence  about  the  equator  rather  than  about  the 
poles,  or  vice  versa^  it  is  evident  that  the  degree  of  protuberance 
must  be  that  which  counteracts,  and  no  more  than  counteracts, 
the  tendency  of  the  fluids,  in  virtue  of  the  centrifugal  force,  to 
flow  towards  the  equator.  This  protuberance  may  be  consi- 
dered as  equivalent  in  its  eflects  to  an  acclivity  of  regulated  in- 
clination, rising  from  each  pole  towards  the  equator.  To  arrive 
at  the  equator  the  fluid  must  ascend  this  acclivity,  to  which 
ascent  gravity  opposes  itself,  with  a  force  depending  on  its 
steepness,  which  increases  with  the  magnitude  of  the  protu- 
berance, or,  what  is  the  same,  with  the  ellipticity  of  the 
spheroid.  K  the  ellipticity  be  less  than  is  necessary  to  coun- 
teract the  effect  of  the  centrifugal  force,  the  fluid  will  still  flow 
to  the  equator,  and  the  earth  would  consist,  as  before,  of  a  great 
equatorial  ocean  separating  two  vast  polar  continents.  If  the 
ellipticity  were  greater  than  is  necessary  to  counteract  the  effect 
of  the  centrifugal  force,  then  gravity  would  prevail  over  the  cen- 
trifugal force,  and  the  waters  would  flow  down  the  acclivities  of 
the  excessive  protuberance  towards  the  poles,  and  the  earth 
would  consist  of  a  vast  equatorial  continent  separating  two 
polar  oceans. 

Since  the  geographical  condition  of  the  surface  of  the  earth 
is  not  consistent  with  either  of  these  consequences,  it  is  evident 
that  its  figure  must  be  an  oblate  spheroid,  having  an  ellipticity 
exactly  corresponding  to  the  variation  of  gravity  upon  its  sur- 
face, due  to  the  combined  effect  of  the  attraction  exerted  by  its 
constituent  parts  upon  bodies  placed  on  its  surface,  and  the  cen- 
trifugal force  arising  from  its  diurnal  rotation. 

It  remains,  therefore,  to  determine  what  this  particular  degree 
of  ellipticity  is,  or,  what  is  the  same,  to  determine  by  what 
fraction  of  its  whole  length  the  equatorial  diameter  m  q  exceeds 
the  polar  axis  n  s. 

2383.  Ellipticity  may  he  calculated  and  measuredy  and  the 
results  compared. — The  degree  of  ellipticity  of  the  terrestrial 
spheroid  may  be  found  by  theory,  or  ascertained  by  observation 
and  measurement,  or  by  both  these  methods,  in  which  case  the 
accordance  or  discrepancy  of  the  results  will  either  prove  the 
validity  of  the  reasoning  on  which  the  theoretical  calculation  is 
founded,  or  indicate  the  conditions  or  data  in  such  reasoning 
which  must  be  modified. 
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.   Both  these  methods  have  accordinglj  been  adopted,  and  their 
results  are  found  to  be  in  complete  harmony. 

2384.  Ellipticity  calculated. — The  several  quantities  which 
are  involved  in  this  problem  are  :  — 

1.  The  time  of  rotation  =s  b. 

2.  The  fraction  of  its  whole  length  by  which  the  equatorial 

exceeds  the  polar  diameter  =  e, 

3.  The  fraction  of  its  whole  weight  bj  which  the  weight  of  a 

body  at  the  pole  exceeds  the  weight  of  the  same  body  at 
the  equator  =  w. 

4.  The  mean  density  of  the  earth. 

5.  The  law  according  to  which  the   density  of  the  strata 

varies  in  proceeding  from  the  surface  to  the  centre. 

All  these  quantities  have  such  a  mutual  dependance,  that 
when  some  of  them  are  given  or  known,  the  others  may  be 
found. 

It  whatever  way  the  solution  of  the  problem  may  be  ap- 
proached, it  is  evident  that  the  form  of  the  spheroid  must  be  the 
same  as  it  would  be  if  the  entire  mass  of  the  earth  were  fluid. 
If  this  were  not  so,  the  parts  actually  fluid  would  not  be  found, 
as  they  are  always,  in  local  equilibrium.  The  state  of  relative 
density  of  the  strata  proceeding  from  the  surface  to  the  centre 
is,  however*  not  so  evident  Newton  investigated  the  question 
by  ascertaining  the  form  which  the  earth  would  assume  if  it 
consisted  of  fluid  matter  of  uniform  density  from  the  surface  to 
the  centre  ;  and  the  result  of  his  analysis  was  that,  in  that  case, 
assuming  the  time  of  rotation  to  be  what  it  is,  the  equatorial 
diameter  must  exceed  the  polar  by  the  230th  part  of  its  whole 
length,  and  gravity  at  the  pole  must  exceed  gravity  at  the 
equator  by  the  same  fraction  of  its  entire  force. 

As  physical  science  progressed,  and  mathematical  analysis 
was  brought  to  a  greater  state  of  perfection,  the  same  problem 
was  investigated  by  Clairault  and  several  other  mathematicians, 
under  more  rigorous  conditions.  The  uniform  density  of  the 
constituents  of  the  earth  —  a  highly  improbable  supposition — 
was  put  aside,  and  it  was  assumed  that  the  successive  strata  from 
the  centre  to  the  surface  increased  in  density  according  to  some 
undetermined  conditions.  It  was  assumed  that  the  mutual 
attraction  of  all  the  constituent  parts  upon  any  one  part,  and 
the  effect  of  the  centrifugal  force  arising  from  the  rotation,  are 
in  equilibrium ;  so  that  every  particle  composing  the  spheroid. 
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from  its  centre  to  its  surface,  is  in  repose,  and  would  remain  so 
were  it  free  to  move. 

By  a  complicated  and  very  abstruse,  but  perfectly  clear  and 
certain  mathematical  analysis,  it  has  been  proved  that  the 
quantities  above  mentioned  have  the  following  relation.  Let  r 
express  a  certain  number,  the  amount  of  which  will  vary  with 
R.    We  shall  then  have 

e  -f  u?  =  r. 

Now  it  has  been  shown  that  when  R=23i»'  56°**  4-09«*,  the 
number  r  will  be  j\jy  so  that  in  effect 

'  +  «'=T[5-' 

This  result  was  shown  to  be  true,  whatever  may  be  the  law 
according  to  which  the  density  of  the  strata  varies. 

It  further  results  from  these  theoretical  researches  that 
the  mean  density  of  the  entire  terrestrial  spheroid  is  about 
twice  the  mean  density  of  its  superficial  crust 

It  follows  from  this  that  the  density  of  its  central  parts  must 
greatly  exceed  twice  the  density  of  its  crust. 

It  remains,  therefor**,  to  see  how  far  these  results  of  theory 
are  in  accordance  with  those  of  actual  observation  and  mea- 
surement. 

2385.  Ellipticity  of  terrestrial  spheroid  by  observation  and 
measurement, — If  a  terrestrial  mendian  were  an  exact  circle, 
as  it  would  necessarily  be  if  the  earth  were  an  exact  globe, 
every  part  of  it  would  have  the  same  curvature.  But  if  it  were 
an  ellipse,  of  which  the  polar  diameter  is  the  lesser  axis,  it 
would  have  a  varying  curvature,  the  convexity  being  greatest 
at  the  equator,  and  least  at  the  poles.  If,  then,  it  can  be  ascer- 
tained by  observation,  that  the  curvature  of  a  meridian  is  not 
uniform,  but  that  on  the  contrary  it  increases  in  going  towards 
the  Line,  and  diminishes  in  going  towards  the  poles,  we  shall 
obtain  a  proof  that  its  form  is  that  of  an  oblate  spheroid. 

To  comprehend  the  method  of  ascertaining  this,  it  must  be 
considered  that  the  curvature  of  circles  diminishes  as  their 
diameters  are  augmented.  It  is  evident  that  a  circle  of  one 
foot  in  diameter  has  a  less  degree  of  curvature,  and  is  less 
convex  than  a  circle  one  inch  in  diameter.  But  an  arc  of  a 
circle  of  a  given  angular  magnitude,  such  for  example  as  1^, 
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has  a  length  proportional  to  the  diameter.  Thus^  an  arc  of  P 
of  a  circle  a  foot  in  diameter,  is  twelve  times  the  length  of 
an  arc  of  P  of  a  circle  an  inch  in  diameter.  The  curvature, 
therefore,  increases  as  the  length  of  an  arc  of  P  diminishes. 

If,  therefore,  a  degree  of  the  meridian  be  observed,  and 
measured,  bj  the  process  already  explained  (2317),  at  different 
latitudes,  and  it  is  found  that  its  length  is  not  uniformly  the 
same  as  it  would  be  if  the  meridian  were  a  circle,  but  that  it  is 
less  in  approaching  the  equator,  and  greater  in  approaching  the 
pole,  it  will  follow  that  the  convexity  or  curvature  increases 
towards  the  equator,  and  diminishes  towards  the  poles;  and 
that  consequently  the  meridian  has  the  form,  not  of  a  circle, 
but  of  an  ellipse,  the  lesser  axis  of  which  is  the  polar  diameter. 

Such  observations  have  accordingly  been  made,  and  the 
lengths  of  a  degree  in  various  latitudes,  from  the  Line  to  66^  N. 
and  to  35^  S.,  have  been  measured,  and  found  to  vary  from 
363,000  feet  on  the  Line  to  367,000  feet  at  lat.  66". 

From  a  comparison  of  such  measurements,  it  has  been  ascer- 
tained that  the  equatorial  diameter  of  the  spheroid  exceeds  the 
polar  by  ^J^^th  of  its  length.     Thus  (2384) 

_    1 
^"300* 

2386.  Variation  of  gravity  by  observation. — The  manner  in 
which  the  variation  of  the  intensity  of  superficial  gravity  at 
different  latitudes  is  ascertained  by  means  of  the  pendulum,  has 
been  already  explained  (552).  From  a  comparison  of  these 
observations  it  has  been  inferred  that  the  effective  weight  of  a 
body  at  the  pole  exceeds  its  weight  at  the  equator  by  about  the 
j^th*  part  of  the  whole  weight 

2387.  Accordance  of  these  results  with  theory. — By  com- 
paring these  results  with  those  obtained  by  Newton,  on  the 
supposition  of  the  uniform  density  of  the  earth,  a  discrepancy 
will  be  found  sufficient  to  prove  the  falsehood  of  that  sup- 
position. The  value  of  e  found  by  Newton  is  ^^^j  ^*®  actual 
value  being  ^J^,  and  that  of  w  ^,  its  actual  value  being  -pj^. 

On  the  other  hand,  the  accordance  of  these  results  of  obser- 
vation and  measurement  with  the  more  rigorous  conclusions  of 
later  researches  is  complete  and  striking. 

♦  Different  values  are  assigned  to  this — Sir  John  Herschel  prefers  -^  the 
Astronomer  Royal  ^.     We  have  taken  a  mean  between  these  estimates. 
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If  in  the  relation  between  e  and  tr,  explained  in  (2384), 

we  substitute  for  w  the  value  y^,  obtained  by  observation,  we 
find 

^     115     187     300* 

which  is  the  value  of  w  obtained  bj  computation  founded  on 
measurement. 

2388.  Diminution  of  weight  due  to  elliptidty, — It  has  been 
already  shown  (2377)  that  the  loss  of  weight  at  the  equator  due 
to  the  centrifugal  force  is  the  287th  of  the  entire  weight  From 
what  has  been  stated  (2386),  it  appears  that  the  actual  loss  of 
weight  at  the  equator  is  greater  than  this,  being  the  187th  part 
of  the  entire  weight.    The  difference  of  these  is 

J L=:_L 

187    287     537' 

It  appears^  therefore,  that  while  the  287th  part  of  the  weight 
is  balanced  by  the  centrifugal  force,  the  actual  attraction 
exerted  by  the  earth  upon  a  budy  at  the  equator  is  less  than  at 
the  pole  by  the  537th^  part  of  the  whole  weight.  This  differ- 
ence is  due  to  the  elliptical  form  of  the  meridian,  by  which  the 
distance  of  the  body  from  the  centre  of  the  earth  is  augmented. 

2389.  Actual  linear  dimensions  of  the  terrestrial  spheroid, — 
It  is  not  enough  to  know  the  proportions  of  the  earth.  It  is 
required  to  determine  the  actual  dimensions  of  the  spheroid. 
The  following  are  the  lengths  of  the  polar  and  equatorial  dia- 
meters, according  to  the  computations  of  the  most  eminent  and 
recent  authorities :  — 


Polar  diameter 

Eqaatorial  diameter         .          .          -          - 

AtMolute  difference           .           -           -           - 

ExccM  of  the  eq  'Atorial  expreued  in  a  fraction  ) 

of  iu  enUre  length      .          .           .           f 

B«H«L 

Atoj. 

MOm. 
7899114 
7925-604 

96-471 

Mii«t. 
7899-170 
7925-648 
26-478 

1 

299-407 

299-830 

The  close  coincidence  of   these   results   supplies   a   striking 


According  to  Herscbel,  the  590th  part, 
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example  of  the  precision  to  which  such  calculations  have  been 
brought. 

The  departure  of  the  terrestrial  spheroid  from  the  form  of  an 
exact  globe  is  so  inconsiderable  that,  if  an  exact  model  of  it 
turned  in  ivory  were  placed  before  us,  we  could  not,  either  by- 
sight  or  touch,  distinguish  it  from  a  perfect  billiard  ball.  A 
figure  of  a  meridian  accurately  drawn  on  paper  could  only  be 
distinguished  from  a  circle  by  the  most  precise  measurement. 
If  the  major  axis  of  such  an  ellipse  were  equal  in  length  to  the 
page  now  under  the  eye  of  the  reader,  the  lesser  axis  would 
fall  short  of  the  same  length  less  than  the  fortieth  of  an  inch. 

2390.  Dimensions  of  the  spheroidal  equatorial  excess.  —  If  a 
sphere  nq'S^  be  imagined  to  be  inscribed  within  the  terrestrial 
spheroid  having  the  polar  axis  VQ^fig,  700.,  for  its  diameter,  a 

spheroidal  shell  will  be  included 
between  its  surface  and  that  of 
the  spheroid  composed  of  the 
protuberant  matter,  having  a 
thickness  Q^  of  26  miles  at  the 
equator,  and  becoming  gra- 
dually thinner  in  proceeding  to 
the  poles,  where  its  thickness 
Fig.  700.  vanishes.  This  shell,  which  con- 

stitutes the  equatorial  excess  of  the  spheroid,  and  which,  as 
will  hereafter  appear,  has  a  density  not  more  than  half  the 
mean  density  of  the  earth,  the  bulk  of  which,  moreover,  would 
be  imperceptible  upon  a  mere  inspection  of  the  spheroid,  is 
nevertheless  attended  with  most  important  effects,  and  by  its 
gravitation  is  the  origin  of  most  striking  phenomena  not  only 
in  relation  to  the  moon,  but  also  to  the  far  more  distant  mass 
of  the  sun. 

2391.  Density  and  mass  of  the  earth  by  observation,  —  The 
magnitude  of  the  earth  being  known  with  great  precision,  the 
determination  of  its  mass  and  that  of  its  mean  density  become 
one  and  the  same  problem,  since  the  comparison  of  its  mass 
with  its  magnitude  will  give  its  mean  density,  and  the  com- 
parison of  its  mean  density  with  its  magnitude  will  give  its 
mass. 

The  methods  of  ascertaining  the  mass  or  actual  quantity  of 
matter  contained  in  the  earth  are  all  based  upon  a  comparison 
of  the  gravitating  force  or  attraction  which  the  earth  exerts 
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upon  an  object  with  the  attraction  which  some  other  bodj, 
whose  mass  is  exactly  known,  exerts  on  the  same  object.  It  is 
assumed,  as  a  postulate  or  axiom  in  physics,  that  two  masses  of 
matter  which  at  equal  distances  exert  equal  attractions  on  the 
same  body,  must  be  equaL  But  as  it  is  not  always  possible  to 
bring  the  attracting  and  attracted  bodies  to  equal  distances, 
their  attractions  at  unequal  distances  itaay  be  observed,  and  the 
attractions  which  they  would  exert  at  equal  distances  may 
be  thence  inferred  by  the  general  law  of  gravitation,  by  which 
the  attraction  exerted  by  the  same  body  increases  as  the  square 
of  the  distance  from  it  is  diminished. 

Thus,  if  E  be  the  mass  of  the  earth,  a  the  attraction  it  exerts 
at  the  distance  d  from  its  centre  of  gravity,  and  a'  the  attrac- 
tion it  exerts  at  any  other  distance  !>%  we  have  — 

a: A'::  d'2:d«; 

and  therefore 

If  a  be  the  attraction  which  any  mass  m  of  known  quantity 
exerts  at  the  distance  d'  upon  the  same  body  upon  which  the 
earth  exerts  the  attraction  a',  we  shall  have  — 


and  therefore 


Jl  a      d» 


If,  therefore,  the  mass  m,  the  ratio  of  the  attractions  A  and  a, 
and  the  ratio  of  the  distances  d  and  !>%  be  respectively  known, 
the  mass  e  of  the  earth  can  be  computed. 

2392.  Dr,  Maskelyn^s  solution  by  the  attraction  of  Schehal- 
Hen.  —  This  celebrated  problem  consisted  in  determining  the 
ratio  of  the  mean  density  of  a  mountain  called  Schehallien, 
in  Perthshire,  to  that  of  the  earth,  by  ascertaining  the  amount 
of  the  deviation  of  a  plumb-line  from  the  direction  of  the  true 
vertical  produced  by  the  local  attraction  of  the  mountain. 

To  render  this  method  practicable,  it  is  necessary  that  the 
mountain  selected  be  a  solitary  one,  standing  on  an  extensive 
plain,  since  otherwise  the  deviation  of  the  plumb-line  would  be 
affected  by  neighbouring  eminences  to  an  extent  which  it  might 
not  be  possible  to  estimate  with  the  necessary  precision.     No 
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eminence  sufficiently  considerable  exists  near  enough  to  Sche- 
hallien  to  produce  such  disturbance. 

The  mountain  ranging  east  and  west,  two  stations  were 
selected  on  its  northern  and  southern  acclivities,  so  as  to  be 
in  the  same  meridian,  or  very  nearly  so.  A  plumb-line,  attached 
to  an  instrument  called  a  zenith  sector,  adapted  to  measure 
with  extreme  accuracy  small  zenith  distances,  was  brought  to 
each  of  these  stations,  and  the  distance  of  the  same  star,  seen 
upon  the  meridian  from  the  directions  of  the  plumb-line,  were 
observed  at  both  places. 

The  difference  between  those  distances  gave  the  angle  under 
the  two  directions  of  the  plumb-line.  This  will  be  more 
clearly  understood    by  reference  to  fig,  701.,  where  p  and 

z,,-- a' 


c 

Fig.  701. 

p^  represent  the  points  of  suspension  of  the  two  plumb-lines. 
If  the  mountain  were  removed,  they  would  hang  in  the  direc- 
tions PC  and  p'c  of  the  earth's  centre,  and  their  directions 
would  be  inclined  at  the  angle  pcp^.    But  the  attraction  exerted 
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bj  the  interjacent  mass  produces  on  each  side  a  slight  deflec- 
tion towards  the  mountain,  so  that  the  two  directions  of  the 
plumb-line,  instead  of  converging  to  the  centre  of  the  earth  c, 
converge  to  a  point  c  nearer  to  the  surface,  and  form  with  each 
other  an  angle  pcp'  greater  than  pop'  by  the  sum  of  the  two 
deflections  cpc  and  cp'c. 

Now  by  means  of  the  zenith  sector  the  distances  sz  and  sz' 
of  the  points  z  and  z'  from  any  star  such  as  8,  can  be  observed 
with  a  precision  so  extreme  as  not  to  be  subject  to  a  greater 
error  than  a  small  fraction  of  a  second.  The  difference  of  these 
distances  will  be  — 

sz'  — sz  =zz', 

the  apparent  distance  between  the  two  points  z  and  z'  on  the 
heavens  to  which  the  plumb-line  points  at  the  two  stations, 
lliis  distance  expressed  in  seconds  gives  the  magnitude  of  the 
angle  pcp'  formed  by  the  directions  of  the  plumb-line  at  the 
two  stations,  which  is  the  sum  of  the  deflection  produced  by  the 
local  attraction  of  the  mountain. 

If  the  mountain  were  not  present,  the  angle  pop'  could  be 
ascertained  by  the  zenith  sector  ;  but  as  the  indications  of  that 
instrument  have  reference  to  the  direction  of  the  plumb-line,  it 
is  rendered  inapplicable  in  consequence  of  the  disturbing  effect 
of  the  mountain. 

To  determine  the  magnitude  of  the  angle  pop',  therefore,  the 
direct  distance  between  the  stations  p  and  p'  is  ascertained  by 
making  a  survey  of  the  mountain  which,  as  will  presently 
appear,  is  also  necessary,  in  order  to  determine  its  exact 
volume.  For  every  hundred  feet  in  the  distance  between  p  and 
p'  there  will  be  1"  in  the  angle  pop'  (2319).  Finding,  there- 
fore, the  direct  distance  between  p  and  p'  in  feet,  and  dividing 
it  by  100,  we  shall  have  the  angle  p  c  p'  in  seconds. 

In  the  case  of  the  experiment  of  Dr.  Maskelyne,  which  was 
made  in  1774,  the  angle  pop'  was  found  to  be  4fl",  and  the 
angle  pcp'  53".  The  sum  of  the  two  deflections  was  there- 
fore 12". 

The  survey  of  the  mountain  supplied  the  data  necessary  to 
determine  its  actual  volume  in  cubic  miles,  or  fraction  of  a 
cubic  mile.  An  elaborate  examination  of  its  stratification,  by 
means  of  sections,  borings,  and  the  other  usual  methods,  sup- 
plied the  data  necessary  to  determine  the  weights  of  its  com- 
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ponent  parts,  and  thence  the  weight  of  its  entire  volume  ;  and 
the  comparison  of  this  weight  with  its  volume  gave  its  mean 
density. 

If  the  mean  density  of  the  earth  were  equal  to  that  of  the 
mountain,  the  entire  weight  of  the  earth  would  be  greater  than 
that  of  the  mountain,  in  exactly  the  same  proportion  as  the 
entire  volume  of  the  earth  exceeds  that  of  the  mountain  ;  and 
these  volumes  being  known,  the  weight  E  of  the  earth  on  that 
supposition  was  computed,  and  by  the  formula  given  in  (2391), 

or  others  based  upon  the  same  principles,  the  ratio  -  of  the 

a 

attraction  of  the  earth  to  that  of  the  mountain  was  computed, 
and  thence  the  deflections  which  the  mountain  would  produce 
was  found,  which  instead  of  12"  was  about  24'^  It  followed, 
therefore,  that  the  density  of  the  earth  must  be  double,  or,  more 
exactly,  eighteen-tenths  of  that  of  the  mountain,  in  order  to  re- 
duce the  deflections  to  half  their  computed  amount. 

The  mean  density  of  the  mountain  having  been  ascertained 
to  be  about  2^  times  that  of  water,  it  followed,  therefore,  that 
the  mean  density  of  the  earth  is  about  ^ve  times  that  of  water. 

2393.  Cavendish's  solution.  —  At  a  later  period  Cavendish 
made  the  experiment  which  bears  his  name,  in  which  the  at- 
traction exerted  by  the  earth  upon  a  body  on  its  surface  was 
compared  with  the  attraction  exerted  by  a  large  metallic  ball  on 
the  same  body ;  and  this  experiment  was  repeated  still  more  re« 
cently  by  Dr.  Reich,  and  by  the  late  Mr.  Francis  Baily,  as  the 
active  member  of  a  committee  of  the  Royal  Astronomical  So- 
ciety of  London.  All  tliese  several  experimenters  proceeded 
by  methods  which  differed  only  in  some  of  their  practical  de- 
tails, and  in  the  conditions  and  precautions  adopted  to  obtain 
more  accurate  results. 

In  the  apparatus  used  by  Mr.  Baily,  the  latest  of  them,  the 
attracting  bodies  with  which  the  globe  of  the  earth  was  com- 
pared were  two  balls  of  lead,  each  a  foot  in  diameter.  The 
bodies  upon  which  their  attraction  was  manifested  were  small 
balls,  about  two  inches  in  diameter.  The  former  were  supported 
on  the  ends  of  an  oblong  horizontal  stage,  capable  of  being 
turned  round  a  vertical  axis  supporting  the  stage  at  a  point 
midway  between  them.  Let  Jig.  702.  represent  a  plan  of  the 
apparatus.  The  large  metallic  balls  b  and  b'  are  supported 
upon  a  rectangular  stage  represented  by  the  dotted  lines,  and 
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so  mounted  as  to  be  capable  of  being  turned  round  its  centre 
c  in  its  own  plane.     Two  small  balls  a,  a\  about  two  inches  in 


,/ 


Fig.  702. 

diameter,  are  attached  to  the  ends  of  a  rod,  so  that  the  distance 
between  their  centres  shall  be  nearly  equal  to  bb'.  This  rod  is 
supported  at  c  by  two  fine  wires  at  a  very  small  distance 
asunder,  so  that  the  balls  will  be  in  repose  when  the  rod  aa!  is 
directed  in  the  plane  of  the  wires,  and  can  only  be  turned  from 
that  plane  by  the  action  of  a  small  and  definite  force,  the  in- 
tensity of  which  can  always  be  ascertained  by  the  angle  of  de- 
flection of  the  rod  aa!.     The  exact  direction  of  the  rod  a  a'  is 
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observed,  without  approaching  the  apparatus,  hj  means  of  two 
small  telescopes  t  and  t',  and  the  extent  of  its  departure  from 
its  position  of  equilibrium  may  be  measured  with  great  precision 
hy  micrometers. 

In  the  performance  of  the  experiment  a  multitude  of  precau- 
tions were  taken  to  remove  or  obviate  various  causes  of  dis- 
turbance, such  as  currents  of  air,  which  might  arise  from 
unequal  changes  of  temperature  which  need  not  be  described 
here. 

The  large  balls  being  first  placed  at  a  distance  from  the 
small  ones,  the  direction  of  the  rod  in  its  position  of  equili- 
brium was  observed  with  the  telescopes  t  t'.  The  stage  sup- 
porting the  large  balls  was  then  turned  until  they  were 
brought  near  the  small  ones,  as  represented  at  bb'.  It  was 
then  observed  that  the  small  balls  were  attracted  hy  the  large 
ones,  and  the  amount  of  the  deflection  of  the  rod  aa^  was 
observed. 

The  frame  supporting  the  large  balls  was  then  turned  until 
B  was  brought  to  b,  and  b^  to  b*,  so  as  to  attract  the  small  balls 
on  the  other  side,  and  the  deflection  of  a  a'  was  again  observed. 
In  each  case  the  amount  of  the  deflection  being  exactly  ascer- 
tained, the  intensity  of  the  deflecting  force,  and  its  ratio  to  the 
weight  of  the  balls,  became  known. 

The  properties  of  the  pendulum  supplied  a  very  simple  and 
exact  means  of  comparing  the  attraction  of  the  balls  b  and  b^ 
with  the  attraction  of  the  earth.  The  balls  a  a'  were  made  to 
vibrate  through  a  small  arc  on  each  side  of  the  position  which 
the  attraction  gave  them,  and  the  rate  of  their  vibration  was 
observed  and  compared  with  the  rate  of  vibration  of  a  common 
pendulum.  The  relative  intensity  of  the  two  attractions  was 
computed  from  a  comparision  of  these  rates  by  the  principles 
established  in  (542).  The  precision  of  which  this  process  of 
observation  is  susceptible  may  be  inferred  from  the  fact  that 
the  whole  attraction  of  the  balls  b  b'  upon  a  a!  did  not  amount 
to  the  20-millionth  part  of  the  weight  of  the  balls  a  a\  and  that 
the  possible  error  of  the  result  did  not  exceed  2  per  cent,  of 
its  whole  amount. 

The  attraction  which  the  balls  b  b^  would  exert  on  a  a\  on 
the  supposition  that  the  mean  density  of  the  earth  is  equal  to 
that  of  the  metallic  balls  b  b',  was  then  computed  on  the  prin- 
ciples explained  in  (2381),  and  found  to  be  less  than  the  actual 
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attraction  observed,  and  it  was  inferred  that  the  density  of  the 
earth  was  less  than  that  of  the  balU  b  b'  in  the  same  ratio. 

In  fine,  it  resulted  that  the  mean  density  of  the  earth  is  5*67 
times  the  density  of  water. 

The  accordance  of  this  resnlt  with  those  of  the  Schehallien 
experiment,  and  the  calculations  upon  the  figure  of  the  terres- 
trial  spheroid,  supply  a  striking  proof  of  the  truth  of  the  theory 
of  gravitation  on  which  all  these  three  independent  investigations 
are  based,  and  of  the  validity  of  the  reasoning  upon  which  they 
have  been  conducted. 

2394.  Volume  and  weight  of  the  earth,  —  Having  ascertained 
the  linear  dimensions  and  the  mean  density  of  the  earth,  it  is  a 
question  of  mere  arithmetical  labour  to  compute  its  volume 
and  its  weight  Taking  the  dimensions  of  the  globe  as  already 
stated,  its  volume  contains 

259,800  millions  of  cubic  miles. 
382,425,60,000  billions  of  cubic  feet 

The  average  weight  of  each  cubic  foot  of  the  earth  being 
5*67  times  the  weight  of  a  cubic  foot  of  water,  is  354*375  lbs., 
or  0-1587  of  a  ton.  It  follows,  therefore,  that  the  total  weight 
of  the  earth  is 

6,069,094,272  billions  of  tons. 


CHAP.  VI. 

THE   OBSEKVATOHT. 


2395.  Knowledge  of  the  instruments  of  observation  necessary, 
—  Having  explained  the  dimensions,  rotation,  weight,  and 
density  of  the  earth,  and  described  generally  the  aspect  of  the 
firmament  and  fixed  lines  and  points  upon  it  by  which  the  rela- 
tive position  and  motions  of  celestial  objects  are  defined,  it  will 
be  necessary,  before  proceeding  to  a  further  exposition  of  the 
astronomical  phenomena,  to  explain  the  principal  instruments 
with  which  an  observatory  is  furnished,  and  to  show  the  man- 
ner in  which  they  are  applied,  so  as  to  obtain  those  accurate 
data  which  supply  the  basis  of  those  calculations  from  which 
has  resulted  our  knowledge  of  the  great  laws  of  the  universe. 
We  shall  therefore  here  explain  the  form  and  use  of  such  of 
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the  instruments  of  an  observatory  as  are  indispensably  necessary 
for  the  observations  by  which  sach  data  are  supplied. 

2396.  The  astronomical  clock. — Since  the  immediate  objects 
of  all  astronomical  observation  are  motions  and  magnitudes,  and 
since  motions  are  measured  by  the  comparison  of  space  and 
time,  one  of  the  most  important  instruments  of  observation  is 
the  time-piece  or  chronometer,  which  is  constructed  in  various 
forms,  according  to  the  circumstances  under  which  it  is  used 
and  the  degree  of  accuracy  necessary  to  be  obtained.  In  a 
stationary  observatory,  a  pendulum  clock  is  the  form  adopted. 

The  rate  of  the  astronomical  clock  is  so  regulated  that,  if  any 
of  the  stars  be  observed  which  are  upon  the  celestial  meridian 
at  the  moment  at  which  the  hands  point  to  0^-  0°^  0^,  they  will 
again  point  to  0^-  0°^  0**  when  the  same  stars  are  next  seen  on 
the  meridian.  The  interval,  which  is  called  a  sidereal  day,  is 
divided  into  twenty-four  equal  parts,  called  sidereal  hours. 
The  hour-hand  moves  over  one  principal  division  of  its  dial  in 
this  interval.  In  like  manner  the  MmuTE  and  second-hands 
move  on  divided  circles,  each  moving  over  the  successive  divi- 
sions in  the  intervals  of  a  minute  and  a  second  respectively. 

The  pendulum  is  the  original  and  only  real  measure  of  time 
in  this  instrument.  The  hands,  the  dials  on  which  they  play, 
and  the  mechanism  which  regulates  and  proportions  their 
movements,  are  only  expedients  for  registering  the  number  of 
vibrations  which  the  pendulum  has  made  in  the  interval  which 
elapses  between  any  two  phenomena.  Apart  from  this  conve- 
nience a  mere  pendulum  unconnected  with  wheel  work  or  any 
other  mechanism,  the  vibrations  of  which  would  be  counted 
and  recorded  by  an  observer  stationed  near  it,  would  equally 
serve  as  a  measure  of  time. 

And  this,  in  fact,  is  the  method  actually  used  in  all  exact 
astronomical  observations.  The  eye  of  the  observer  is  occupied 
in  watching  the  progress  of  the  object  moving  over  the  wires 
(2302)  in  the  field  of  view  of  the  telescope.  His  ear  is  occupied 
in  noting,  and  his  mind  in  counting  the  successive  beats  of  the 
pendulum,  which  in  all  astronomical  clocks  is  so  constructed  as 
to  produce  a  sufficiently  loud  and  distinct  sound,  marking  the 
close  of  each  successive  second.  The  practised  observer  is 
enabled  with  considerable  precision  in  this  way  to  subdivide  a 
second,  and  determine  the  moment  of  the  occurrence  of  a  phe- 
nomenon within  a  small  fraction  of  that  interval.    A  star,  for 
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example,  is  seen  to  the  left  of  the  wire  m  m!  at  «,  Jig,  703.,  at 
one  beat  of  the  pendulum,  and  to  the  right 
of  it  at  if  with  the  next.  The  observer 
estimates  with  great  precision  the  proportion 
in  which  the  wire  divides  the  distance  between 
the  points  s  and  ^,  and  can  therefore  deter- 
mine the  fraction  of  a  second  after  being  at 
«,  at  which  it  was  upon  the  wire  m  tn\ 
Although  the  art  of  constructing  chrono- 
Kg.  703.  meters  has  attained  a  surprising  degree  of 

perfection,  it  is  not  perfect,  and  the  rate  of  even  the  best  of 
SQch  instruments  is  not  absolutely  uniform.  It  is  therefore 
necessary  from  time  to  time  to  check  the  indications  of  the 
clock  by  observing  its  rate.  If  the  clock  were  absolutely  perfect, 
the  pendulum  would  perform  exactly  24x60x60=86,400 
vibrations  in  the  interval  between  two  successive  returns  of  the 
same  star  to  the  meridian.  Now  a  good  astronomical  clock  will 
never  make  so  many  as  86,401  nor  so  few  as  86,399  vibrations 
in  the  interval.  In  the  one  case  its  rate  would  be  too  fast,  and 
in  the  other  too  slow  by  1  in  86400.  Even  with  such  an 
erroneous  rate  the  error  thrown  upon  an  observation  of  one 
hour  would  not  exceed  the  24th  part  of  a  second.  If,  however, 
the  rate  be  observed,  even  this  error  may  be  allowed  for,  and  no 
other  will  remain  save  the  remote  possibility  of  a  change  of 
rate  since  the  rate  was  last  ascertained. 

2397.  The  transit  instrument.  —  All  the  most  important 
astronomical  observations  are  made  at  the  moment  when  the 
objects  observed  are  upon  the  celestial  meridian,  and  in  a  very 
extensive  class  of  such  observations  the  sole  purpose  of  the 
observer  is  to  determine  with  precision  the  time  when  the 
object  is  brought  to  the  meridian  by  the  apparent  diurnal 
motion  of  the  firmament. 

This  phenomenon  of  passing  the  meridian  is  called  the 
TBAMSiT ;  and  an  instrument  mounted  in  such  a  manner  as  to 
enable  an  observer,  supplied  with  a  clock,  to  ascertain  the  exact 
time  of  the  transit  is  called  a  transit  instrument. 

Such  an  instrument  consists  of  a  telescope  so  mounted  that 

the  line  of  collimation  will  be  successively  directed  to  every 

point  of  the  celestial  meridian  when  the  telescope  is  moved 

upon  its  axis  through  180°. 

This  is  accomplished  by  attaching  the  telescope  to  an  axis  at 
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right  angles  to  its  line  of  colli  mation^  and  placing  the  extremi- 
ties of  such  axis  on  two  horizontal  supports,  which  are  exactly 
at  the  same  level,  and  in  a  line  directed  east  and  west.  The 
line  of  collimation  when  horizontal  will  therefore  be  directed 
north  and  south ;  and  if  the  telescope  be  turned  on  its  axis 
through  180^,  its  line  of  collimation  will  move  in  the  plane  of 
the  meridian,  and  will  be  successively  directed  to  all  points  on 
the  celestial  meridian  from  the  north  to  the  pole,  thence  to  the 
zenith,  and  thence  to  the  south. 

The  instrument  thus  mounted  is  represented  in  fig.  704. 


Fig.  704. 

Two  stone  piers  are  erected  on  a  solid  foundation  standing  east 
and  west.  In  the  top  of  each  of  them  is  inserted  a  metallic 
support  in  the  form  of  a  T  to  receive  the  cylindrical  extremities 
of  the  transverse  arms  a,b  of  the  instrument.  The  tube  of  the 
telescope  cd  consists  of  two  equal  parts  inserted  in  a  central 
globe,  forming  part  of  the  transversal  axis  ab.  Thus  mounted, 
the  telescope  can  be  made  to  revolve  like  a  wheel  upon  the  axis 
AB,  and  while  it  thus  revolves  its  line  of  collimation  would  be 
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directed  saccessivelj  to  all  the  points  of  a  vertical  circle,  the 
plane  of  which  is  at  right  angles  to  the  axis  a  b.  If  the  axis 
be  exactlj  directed  east  and  west,  this  vertical  must  be  the 
meridian. 

2398.  Its  adjuMtmerUi.  —  This,  however,  supposes  three  con- 
ditions to  be  fulfilled  with  absolute  precision  : 

1^  The  axis  ab  must  be  level. 

2^  The  line  of  collimation  must  be  perpendicular  to  it 

3^  It  must  be  directed  due  east  and  west. 
In  the  original  construction  and  mounting  of  the  instrument 
these  three  conditions  are  kept  in  view,  and  are  nearly,  but 
cannot  be  exactly,  fulfilled  in  the  first  instance.  In  all  astrono- 
mical instruments  the  conditions  which  they  are  required  to 
fulfil  are  only  approximated  to  in  the  making  and  mounting ; 
but  a  class  of  expedients  called  adjustments  are  in  all  cases 
provided,  by  which  each  of  the  requisite  conditions,  only  nearly 
attained  at  first,  are  fulfilled  with  infinitely  greater  precision. 

In  all  such  adjustments  two  provisions  are  necessary  ijlrsty  a 
method  of  detecting  and  measuring  the  deviation  from  the  exact 
fulfilment  of  the  requisite  condition ;  and  secofidly,  an  expedient 
by  which  such  deviation  can  be  corrected. 

2399.  To  make  ike  axis  level.  —  If  the  axis  ab  be  not  truly 
level,  its  deviation  from  this  direction  may  be  ascertained  by 
suspending  upon  it  a  spirit  level. 

This  consists  of  a  glass  tube  nearly  filled  with  alcohol  or 
ether,  liquids  selected  for  the  purpose,  in  consequence  of  the 
absence  of  all  viscidity,  their  perfect  mobility,  and  because  they 
are  not  liable  to  congelation.     The  tube  ab,^.  706.,  is  formed 


Fig.  705. 
slightly  convex,  and  when  it  is  placed  horizontally  with  its 
convexity  upwards,  the  bubble  ab  produced  by  its  deficient  ful- 
ness will  take  the  highest  position,  and  therefore  rest  at  the 
centre  of  its  length.     Marks  are  engraved  on  or  attached  to  the 
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tube  at  a  and  b  indicating  the  centre  of  its  length.  The  tube 
is  attached  to  a  straight  bar  c  d,  or  so  mounted  as  to  be  capable 
of  being  suspended  from  two  points  g'd',  and  is  so  adjusted  that 
when  the  lower  surface  of  the  bar  CD,  or  the  line  joining  the 
two  points  of  suspension  c'd',  is  exactly  level,  the  bubble  will 
rest  exactly  in  the  centre  of  the  tube  between  the  marks  a  and  b. 

To  ascertain  whether  a  surface,  or  the  line  joining  two  pro- 
posed points,  be  level,  the  instrument  is  applied  upon  the  one, 
or  suspended  from  the  other.  If  the  bubble  rest  between  the 
marks  a  and  b,  they  are  level;  if  not,  that  direction  towards 
which  it  deviates  is  the  more  elevated,  and  it  must  be  lowered, 
or  the  other  raised.  The  operation  must  be  repeated  until  the 
bubble  is  found  to  rest  between  the  central  marks  a  and  b, 
whichever  way  the  level  be  placed. 

A  level  is  provided  for  the  transit  instrument  with  two  loops 
of  suspension  corresponding  with  the  cylindrical  extremities  of 
the  axis  AB,^g,  704.,  so  that  its  points  of  suspension  may  rest 
on  these  cylinders.  If  it  be  found  that,  when  the  level  is  properly 
suspended  thus  upon  the  axis,  the  bubble  rests  nearer  to  one 
extremity  than  the  other,  it  will  be  necessary  to  raise  that  end 
from  which  it  is  more  remote,  or  to  lower  that  to  which  it  is 
nearer. 

To  accomplish  this,  one  of  the  supports  in  which  the  ex- 
tremity A  of  the  axis  rests  is  constructed  so  as  to  be  moved 
through  a  small  space  vertically  by  a  finely  constructed  screw. 
This  support  is  therefore  raised  or  lowered  by  such  means,  until 
the  bubble  of  the  level  rests  between  the  central  marks  a  and  b, 
whichever  way  the  level  be  suspended. 

2400.  To  make  the  line  of  coUimaiion  perpendicular  to  the 
axis,  —  It  must  be  remembered,  that  the  line  of  collimation  is  a 
line  drawn  from  the  centre  of  the  object-glass  to  the  intersection 
of  the  middle  wires  in  the  field  of  view  of  the  telescope.  The 
centre  of  the  object-glass  is  fixed  relatively  to  the  telescope,  but 
the  wires  are  so  mounted  that  the  position  of  their  intersection 
can  be  moved  through  a  certain  small  space  by  means  of  a  mi- 
crometer screw.  One  end  of  the  line  of  collimation,  therefore, 
being  moveable,  while  the  other  is  fixed,  its  direction  may  be 
changed  at  pleasure  within  limits  determined  by  the  construction 
of  the  eye-glass  and  its  micrometer. 

To  ascertain  whether  the  line  of  collimation  is  or  is  not  at 
right  angles  to  the  line  joining  the  points  of  support  a  and  b, 


Digitized  by 


Google 


THE  OBSERVATORY.  141 

fig.  704.,  let  any  distant  point  be  observed  upon  which  the  inter- 
section of  the  wires  falls.  Let  the  instrument  be  then  reversed 
upon  its  supports,  the  end  of  the  axis  which  rested  on  a  being 
transferred  to  ^,  and  that  which  rested  on  h  to  a,  and  let  the 
same  object  be  observed.  If  it  still  coincide  with  the  intersection 
of  the  wires,  the  line  of  collimation  is  in  the  proper  direction  ; 
but  if  not,  its  distance  from  the  intersection  of  the  .wires  will  be 
twice  the  deviation  of  the  line  of  collimation  from  the  perpen- 
dicular, and  the  wires  must  be  moved  by  the  adjusting  screw, 
until  their  intersection  is  moved  towards  the  object  through 
half  of  its  apparent  distance  from  it. 

To  render  this  more  clear,  let  J^Byfig,  706.,  represent  the  di- 
rection of  the  axis,  CD  that  of  a  line  exactly  at  right  angles  to 

it,  or  the  direction  which  is  to  be 
\  /  given  to  the  line  of  collimation,  and 

\  /  let  cd'  represent  the  erroneous  di- 

\  /  rection  which  that  line  actually  has. 

*•  J  Let  8  be  a  distant  object  to  which  it 

•,  /  is  observed  to  be  directed,  this  ob- 

\  /  ject  being  seen  upon  the  intersection 

\  /  of  the  wires.    If  the  instrument  be 

;•  reversed,  the  line  cd'  will  have  the 

d"  direction  cd",   deviating  as  much 

from  CD  to  the  right  as  it  before  de- 
viated to  the  left.  The  object  s  will 
now  be  seen  at  a  distance  to  the  left 

of   the   intersection   of   the  wires 

^  which  measures  the  angle  d'cd"", 

yig.  706.  which  is  twice  the  angle  dcd',  or 

the  deviation  of  the    line   of  collimation   from  the  perpen- 
dicular  DC. 

2401.  To  render  the  direction  of  the  supports  due  east  and 
west.  —  This  is  in  some  cases  accomplished  by  a  hebidian 
MARK,  which  is  a  distinct  object,  such  as  a  white  vertical  line 
painjted  on  a  black  ground,  erected  at  a  sufficient  distance  from 
the  instrument  in  the  exact  meridian  of  the  observatory.  If,  on 
directing  the  telescope  to  it,  it  is  seen  on  the  one  side  or  the 
other  of  the  middle  wire  (which  ought  to  coincide  with  the  me- 
ridian), the  direction  of  the  axis  a  b,^.  704.,  will  deviate  to 
the  same  extent  from  the  true  east  and  west,  since  it  has  been 
already,  by  the  previous  adjustments,  rendered  perpendicular  to 


Digitized  by 


Google 


142  ASTRONOMY. 

the  line  of  collimation.  The  entire  instrument  mnst  therefore 
be  shifted  round,  until  the  meridian  mark  coincides  with  the 
middle  wire.  This  is  accomplished  by  a  provbion  made  in  the 
support  on  which  the  extremity  of  the  axis  ^fig.  704.,  rests,  by 
which  it  has  a  certain  play  in  the  horizontal  direction  urged  by 
a  fine  screw.  In  this  way  the  axis  ab  is  brought  into  the  true 
direction  east  and  west,  and  therefore  the  line  of  collimation 
into  the  true  meridian. 

It  will  be  observed  that,  in  explaining  the  second  adjust- 
ment, it  has  been  assumed  that  the  deviations  are  not  so  great 
as  to  throw  the  object  s  out  of  the  field  of  view  after  the  instru- 
ment is  reversed.  This  condition  in  practice  is  always  ful- 
filled, the  extent  of  deviation  left  to  be  corrected  by  the  ad- 
justments being  always  very  small. 

2402.  Micrometer  wires  —  method  of  observing  transit.  — 
In  the  focus  of  the  eye-piece  of  the  transit  instrument,  the 
system  of  micrometer  wires  (2302),  already  mentioned,  is 
placed.  This  consists  commonly  of  6  or  7  equidistant  wires, 
placed  vertically  at  equal  distances,  and  intersected  at  their 
middle  points  by  a  horizontal  wire,  as  represented  in  ^,  703. 
When  the  instrument  has  been  adjusted,  the  middle  wire  mm^ 
will  be  in  the  plane  of  the  meridian,  and  when  an  object  is  seen 
upon  it,  such  object  will  be  on  the  celestial  meridian,  and  the 
wire  itself  may  be  regarded  as  a  small  arc  of  the  meridian 
rendered  visible. 

The  fixed  stars,  as  will  be  explained  more  fully  hereafter, 
appear  in  the  telescope,  no  matter  how  high  its  magnifying 
power  be,  as  mere  lucid  points,  having  no  sensible  magnitude. 
By  the  diurnal  motion  of  the  firmament,  the  star  passes  succes- 
sively over  all  the  wires,  a  short  interval  being  interposed 
between  its  passages.  The  observer,  just  before  the  star  ap- 
proaching the  meridian  enters  the  field  of  view,  notes  and  writes 
down  the  hours  and  minutes  indicated  by  the  clock,  and  he  pro- 
ceeds to  count  the  seconds  by  his  ear.  He  observes,  in  the 
manner  already  explained,  to  a  fraction  of  a  second,  the  instant 
at  which  the  star  crosses  each  of  the  wires ;  and  taking  a  mean  * 
of  all  these  times,  he  obtains,  with  a  great  degree  of  precision, 
the  instant  at  which  the  star  passed  the  middle  wire,  which  is 
the  time  of  the  transit. 

By  this  expedient  the  result  has  the  advantage  of  as  many 
independent  observations  as  there  are  parallel  wires.     The 
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errors  of  observation  being  distribated,  are  proportionally  di- 
minished. 

When  the  sun,  moon,  or  a  planet,  or,  in  general,  any  object 
which  has  a  sensible  disk,  is  observed^  the  time  of  the  transit  is 
the  instant  at  which  the  centre  of  the  disk  is  upon  the  middle 
wire.  This  is  obtained  by  observing  the  instants  which  the 
western  and  eastern  edges  of  the  disk  touch  each  of  the  wires* 
The  middle  of  these  intervals  are  the  moments  at  which  the 
centre  of  the  disk  is  upon  the  wires  respectively.  Taking  a 
mean  of  the  contact  of  the  western  edges,  the  contact  of  the 
western  edge  with  the  middle  wire  will  be  obtained ;  and,  in 
like  manner,  a  mean  of  the  contacts  of  the  eastern  edge  will 
give  the  contact  of  that  edge  with  the  middle  wire,  and  a  mean 
of  these  two  will  give  the  moment  of  the  transit  of  the  centre 
of  the  disk,  or  a  mean  of  all  the  contacts  of  both  edges  will  give 
the  same  result. 

By  day  the  wires  are  visible,  as  fine  black  lines  intersecting 
and  spacing  out  the  field  of  view.  At  night  they  are  rendered 
Tisibie  by  a  lamp,  by  which  the  field  of  view  is  faintly  illu- 
minated. 

2403.  Apparent  motion  of  objects  in  field  of  view.  —  Since 
the  telescope  reverses  the  objects  observed,  the  motion  in  the 
field  will  appear  to  be  from  west  to  east,  while  that  of  the 
firmament  is  from  east  to  west.  An  object  will  therefore  enter 
the  field  of  view  on  the  west  side,  and,  having  crossed  it,  will 
leave  it  on  the  east  side. 

Since  the  sphere  revolves  at  the  rate  of  15^  per  hour,  15"  per 
minute,  or  15"  per  second  of  time,  an  object  will  be  seen  to 
pass  across  the  field  of  view  with  a  motion  absolutely  uniform, 
the  space  passed  over  between  two  successive  beats  of  the  pen- 
dulum being  invariably  15'^ 

Thus,  if  the  moon  or  sun  be  in  or  near  the  equator,  the  disk 
will  be  observed  to  pass  across  the  field  with  a  visible  motion, 
the  interval  between  the  moments  of  contact  of  the  western  and 
eastern  edges  with  the  middle  wire  being  2™*  8"*,  when  the  ap- 
parent diameter  is  32'.  Thus,  the  disk  appears  to  move  over 
a  space  equal  to  half  its  own  diameter  in  l"**  4"'. 

2404.  Circles  of  declincUion^  or  hour  circles,  —  Circles  of 
the  celestial  sphere  which  pass  through  the  poles  are  at  right 
angles  to  the  celestial  equator,  and  are  on  the  heavens  exactly 
what  meridians  are  upon  the  terrestrial  globe.     They  divide 
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the  celestial  equator  into  arcs  which  measure  the  angles  which 
such  circles  form  with  each  other.  Thus,  two  such  circles 
which  are  at  right  angles  include  an  arc  of  90^  of  the  celestial 
equator,  and  two  which  form  with  each  other  an  angle  of  1*^ 
include  between  them  an  arc  of  1°  of  the  celestial  equator. 
These  circles  op  declination,  or  houb  cikcles  as  they  are 
called,  are  carried  round  by  the  diurnal  motion  of  the  heavens, 
and  are  brought  in  succession  to  coincide  with  the  celestial 
meridian,  the  intervals  between  the  moments  of  their  coinci- 
dence with  the  meridian  being  always  proportional  to  the  angle 
they  form  with  each  other,  or,  what  is  the  same,  to  the  arc  of 
the  celestial  equator  included  between  them.  Thus,  if  two 
circles  of  declination  form  with  each  other  an  angle  of  30^,  the 
interval  between  the  moments  of  their  coincidence  with  the 
meridian  will  be  two  sidereal  hours. 

The  relative  position  of  the  circles  of  declination  with 
respect  to  each  other  and  to  the  meridian,  and  the  successive 
positions  assumed  by  any  one  such  circle  during  a  complete 
revolution  of  the  sphere,  will  be  perceived  and  understood 
without  difficulty  by  the  aid  of  a  celestial  globe,  without  which 
it  is  scarcely  possible  to  obtain  any  clear  or  definite  notion  of 
the  apparent  motions  of  celestial  objects. 
.  2405.  Bight  ascension.  —  The  arc  of  the  celestial  equator 
between  any  circle  of  declination  and  a  certain  point  on  the 
equator  called  the  first  point  of  Aries  (which  will  be  defined 
hereafter),  is  called  the  right  ascension  of  all  objects  through 
which  the  circle  of  declination  passes.  This  arc  is  always  under- 
stood to  be  measured  from  the  point  where  the  circle  of  declination 
meets  the  celestial  equator  westwardy  that  is,  in  the  direction 
of  the  apparent  diurnal  motion  of  the  heavens,  and  it  may 
extend,  therefore,  over  any  part  whatever  of  the  equator  from 
0^  to  360°. 

Right  ascension  is  expressed  sometimes  according  to  angular 
magnitude,  in  degrees,  minutes,  and  seconds ;  but  since,  accord- 
ing to  what'  has  been  explained,  these  magnitudes  are  pro* 
portional  to  the  time  they  take  to  pass  over  the  meridian,  right 
ascension  is  also  often  expressed  immediately  by  this  time* 
Thus,  if  the  right  ascension  of  an  object  is  15°  15'  15",  it  will 
be  expressed  also  by  !*»•  1™'  l"*. 

In  general,  right  ascension  expressed  in  degrees,  minutes, 
and  seconds  may  be  reduced  to  time  by  dividing  it  by  15 ;  and  if 
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it  be  expressed  in  time,  it  may  be  reduced  to  angular  language 
by  multiplying  it  by  15. 

The  difference  of  right  ascensions  of  any  two  objects  may  be 
ascertained  by  the  transit  instrument  and  clock,  by  observing 
the  interval  which  elapses  between  their  transits  over  the  me- 
ridian* This  interval,  whether  expressed  in  time  or  reduced 
to  degrees,  is  their  difference  of  right  ascension. 

Hence,  if  the  right  ascension  of  any  one  object  be  known, 
the  right  ascension  of  all  others  can  be  found. 

2406.  Sidereal  clock  indicates  right  ascension,  —  If  the 
hands  of  the  sidereal  clock  be  set  to  0^*  0™*  0**  when  the  first 
point  of  Aries  is  on  the  meridian,  they  will  at  all  times  (sup- 
posing the  rate  of  the  clock  to  be  correct)  indicate  the  right 
ascension  of  such  objects  as  are  on  the  meridian.  For  the 
motion  of  the  hands  in  that  case  corresponds  exactly  with  the 
apparent  motion  of  the  meridian  on  the  celestial  equator  pro- 
duced by  the  diurnal  motion  of  the  heavens.  While  15°  of  the 
equator  pass  the  meridian  the  hands  move  through  1^*,  and 
other  motions  are  made  in  the  same  proportion. 

2407.  The  mural  circle.  —  The  transit  instrument  and  side- 
real clock  supply  means  of  determining  with  extreme  precision 
the  instant  at  which  an  object  passes  the  meridian  ;  but  the  in- 
strument is  not  provided  with  any  accurate  means  of  indicating 
the  point  at  which  the  object  is  seen  on  the  meridian.  A  circle 
is  sometimes,  it  is  true,  attached  to  the  transit  by  which  the 
position  of  this  point  may  be  roughly  observed ;  but  to  ascer- 
tain it  with  a  precision  proportionate  to  that  with  which  the 
transit  instrument  determines  the  right  ascensions,  requires  an 
instrument  constructed  and  mounted  for  this  express  object  in 
a  manner,  and  under  conditions,  altogether  different  from  those 
by  which  the  transit  instrument  is  regulated.  The  form  of  in- 
strument adopted  in  the  most  efficiently  furnished  observatories 
for  this  purpose  is  the  mural  circle. 

This  instrument  is  a  graduated  circle,  similar  in  form  and 
principle  to  the  instrument  described  in  (2304).  It  is  centred 
upon  an  axis  established  in  the  face  of  a  stone  pier  or  wall 
(hence  the  name),  erected  in  the  plane  of  the  meridian.  The 
axis,  like  that  of  a  transit  instrument,  is  truly  horizontal,  and 
directed  due  east  and  west.  Being  by  the  conditions  on  which 
it  is  first  constructed  and  mounted,  very  nearly  in  this  position, 
it  is  rendered  exactly  so  by  two  adjustments^  one  of  which 

UL  H 


Digitized  by 


Google 


146 


ASTRONOMY. 


moves  the  axis  vertically,  and  the  other  horizontally,  by  means 
of  screws,  through  spaces  which,  though  small,  are  still  large 
enough  to  enable  the  observer  to  correct  the  slight  errors  of 
position  incidental  to  the  workmanship  and  mounting. 

The  instrument,  as  mounted 
and  adjusted,  is  represented  in 
perspective  in  fig,  707.,  where 
K  is  the  stone  wall  to  which  the 
instrument  is  attached,  d  the 
central  axis  on  which  it  turns ; 
and  FG  the  telescope,  which  does 
not  move  upon  the  circle,  but  is 
immoveably  attached  to  it,  so 
that  the  entire  instrument,  in- 
cluding the  telescope,  turns  in 
the  plane  of  the  meridian  upon 
the  axis  d. 

A  front  view  of  the  circle  in 
the  plane  of  the  instrument  is 
given  in^.  708. 


Fig.  707. 


Fig.  708. 

The  graduation  is  usually  made  on  the  edge,  and  not  on  the 
face  limb.  The  hoop  of  metal  thus  engraved  forms,  therefore, 
what  may  be  called  the  tire  of  the  wheel. 
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Troughs  Oy  containing  mercury,  are  placed  on  the  floor  in 
convenient  positions  in  the  plane  of  the  instrument,  in  the  sur- 
face of  which  are  seen,  by  reflection,  the  objects  as  they  pass 
over  the  meridian.  The  observer  is  thus  enabled  to  ascertain 
the  directions,  as  well  of  the  images  of  the  objects  reflected  in 
the  mercury,  as  of  the  objects  themselves^  the  advantage  of 
which  will  presently  appear. 

Convenient  ladders,  chairs,  and  couches,  capable  of  being 
adjusted  by  racks  and  other  mechanical  arrangements,  at  any 
desired  inclinations,  enable  the  observer,  with  the  utmost  ease 
and  comfort,  to  apply  his  eye  to  the  telescope,  no  matter  what 
be  its  direction. 

In  the  more  important  national  observatories  the  mural 
circles  are  eight  feet  in  diameter,  and  consequently  301-5  inches 
in  circumference.  Each  degree  upon  the  circumference  mea- 
suring, therefore,  above  eight-tenths  of  an  inch,  admits  of  ex- 
tremely minute  subdivision. 

The  divisions  on  the  graduated  edge  of  the  instrument  are 
numbered  as  usual  from  (T  to  360**  round  the  entire  circle.  The 
position  which  the  direction  of  the  line  of  coUimation  of  the 
telescope  has  with  relation  to  the  0°  of  the  limb  is  indifferent. 
Nothing  is  necessary  except  that  this  line,  in  moving  round  the 
axis  D  of  the  instrument,  shall  remain  constantly  in  the  plane  of 
the  meridian.  This  condition  being  fulfilled,  it  is  evident  that, 
as  the  circle  revolves,  the  line  of  oollimation  will  be  successively 
directed  to  every  point  of  the  meridian  when  presented  upwards, 
and  to  every  point  of  its  reflected  image  in  the  mercury  when 
presented  downwards. 

2408.  Method  of  observing  with  it,  —  The  position  of  the 
instrument  when  directed  successively  to  two  objects  on  the 
meridian,  or  to  their  images  reflected  in  the  mercury,  being  ob- 
served, the  angular  distance,  or  the  arc  of  the  meridian  be- 
tween them,  will  be  found  by  ascertaining  the  arc  of  the  gra- 
duated limb  of  the  instrument,  which  passes  before  any  fixed 
point  or  index,  when  the  telescope  is  turned  from  the  direction 
of  the  one  object  to  the  direction  of  the  other. 

2409.  Compound  microscopes  —  their  number  and  use. — 
This  arc  is  observed  by  a  compound  microscope  (2307),  at- 
tached to  the  wall  or  pier,  and  directed  towards  the  graduated 
limb.  The  manner  in  which  the  fraction  of  a  division  of  the 
limb  ia  observed  by  this  expedient  has  been  already  explained. 
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But  to  give  greater  precision  to  the  observation,  as  well  as  to 
efface  the  errors  which  might  arise,  either  from  defective  cen- 
treing, or  from  the  small  derangement  of  figure  that  might 
arise  from  the  flexure  produced  by  tlie  weight  of  the  instrument, 
several  compound  microscopes  —  generally  six  —  are  provided 
at  nearly  equal  distances  around  the  limb,  so  that  the  observer 
is  enabled  to  note  the  position  of  six  indices.  The  six  arcs  of 
the  limb  which  pass  under  them  being  observed,  are  equivalent 
to  six  independent  observations,  the  mean  of  which  being  taken, 
the  errors  incidental  to  them  are  reduced  in  proportion  to, 
their  number. 

2410.  Circle  primarily  a  differential  instrument  —  The  ob- 
servations, however,  thus  taken  are,  strictly  speaking,  only  dif- 
ferential. The  arc  of  the  meridian  between  the  two  objects  is 
determined,  and  this  arc  is  the  difference  of  their  meridional 
distances  from  the  zenith  or  from  the  horizon ;  but  unless  the 
positions  which  the  six  indexes  have,  when  the  line  of  coUima- 
tion  is  directed  to  the  zenith  or  horizon,  be  known,  no  positive 
result  arises  from  the  observations ;  nor  can  the  absolute  dis- 
tance of  any  object,  either  from  the  horizon  or  the  zenith,  be 
ascertained. 

2411.  Method  of  ascertaining  the  horizontal  point,  —  The 
"reading,"  as  it  is  technically  called,  at  each  of  the  microscopes, 
in  any  proposed  position  of  the  instrument,  is  the  distance  of 
that  microscope  from  the  zero  point  of  the  limb.  Now  it  is 
easy  to  sho\^that  half  the  sum  of  the  two  readings  at  any  mi- 
croscope, when  the  telescope  is  successively  directed  to  an 
object  and  its  image  in  the  mercury,  will  be  the  reading  at  the 
same  microscope  when  the  line  of  collimation  is  horizontal. 

Let  a  circle  be  imagined  to  be  drawn  upon  the  stone  pier 
around  the  instrument,  and  let  m. 
Jig.  709.,  represent  the  position  of 
any  of  the  microscopes.  Let  CO  be 
the  position  of  the  telescope  when 
directed  to  the  object,  and  let  z  be 
the  position  of  the  zero  of  the  limb. 
Let  CI  be  the  position  of  the  tele- 
scope when  directed  to  the  image  of 
the  same  object  in  the  mercury.  If 
z  z''  =  01,  z!'  will  be  then  the  place 
Fig.  709.  of  the  zero,  because  the  zero  will  be 
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moved  with  the  instrument  through  the  same  space  as  that 
through  which  the  telescope  is  moved.  Since  the  direction  ci 
is  as  much  below  the  horizon  as  CO  is  above  it,  the  direction  of 
the  horizon  must  be  that  of  the  point  h  which  bisects  the  arc 
oi.  The  telescope,  when  horizontal,  will. have  therefore  the 
direction  CH,  and  when  it  has  this  position  the  zero  will  evi- 
dently be  at  2/,  the  point  which  bisects  the  arc  zz^'* 

The  "  readings  "  of  the  microscope  m,  when  the  telescope  is 
directed  to  o  and  i,  are  vlz  and  ts.s^'.  The  "reading"  of  the 
same  microscope  when  the  telescope  is  horizontal  would  be  uz\ 
Now  it  is  evident,  from  what  has  been  stated  above,  that 

^zf—THz  =  M2?''— Ma/; 
and,  therefore, 

uzf=  \  (1S.Z  -f  M2/'); 

tha  is,  the  reading  for  the  horizontal  direction  of  the  telescope 
would  be  half  the  sum  of  the  readings  for  an  object  and  its 
image. 

2412.  Method  of  observing  altitttdes  and  zenith  distances,  — 
The  readings  of  all  the  microscopes,  when  the  telescope  is  di- 
rected to  the  horizon,  being  thus  determined,  are  preserved  as 
necessary  data  in  all  observations  on  the  altitudes  or  zenith 
distances  of  objects.  To  determine  the  altitude  of  an  object  o, 
let  the  telescope  be  directed  to  it,  so  that  it  shall  be  seen  at  the 
intersection  of  the  wires ;  and  let  the  readings  of  the  six  micro- 
scopes be  Oj,  O29  O3,  04,  O5,  and  Og,  and  let  their  six  horizontal 
readings  be  Hp  B^,  H3,  H4,  H5,  and  Hg.  We  shall  have  six  values 
for  the  altitudes: 

Ai  =  Hi  — Oj, 
A2  =  H2  —  O^i 
A3  =  H3  —  03, 

A4  =  H4  —  04, 
A5  =  H5  -  05, 

Ag  =:  Hg  —  Og. 

These  will  be  nearly,  but  not  precisely,  equal,  because  they  will 
differ  by  the  small  errors  of  observation,  centreing,  and  form. 
A  mean  of  the  six  being  taken  by  adding  them  and  dividing 
their  sum  by  6,  these  differences  will  be  equalized,  and  the  errors 
nearly  effaced,  so  that  we  shall  have  the  nearest  approximation 
to  the  true  altitude  — 

A  =i{Ai  +  Ajj  + A3  4-  A4-f-A5  +  Ag}. 
H  3 
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The  altitude  of  an  object  being  known,  its  zenith  distance 
may  be  found  by  subtracting  the  altitude  from  90^ :  thus,  if 
z  express  the  zenith  distance,  we  shall  have 

2113.  Method  of  determining  the  position  of  the  pole  and 
equator.  —  The  mural  circle  may  be  regarded  as  the  celestial 
meridian  reduced  in  scale,  and  brought  inmiediately  under  the 
hands  of  the  observer,  so  that  all  distances  upon  it  may  be  sub- 
mitted to  exact  examination  and  measurement.  Besides  the 
zenith  and  horizon,  the  positions  of  which,  in  relation  to  the 
microscopes,  have  just  been  ascertained,  there  are  two  other 
points  of  equal  importance,  the  pole  and  the  equator,  which 
should  also  be  established. 

The  stars  which  are  so  near  the  celestial  pole  that  they  never 
set,  are  carried  by  the  diurnal  motion  of  the  heavens  round  the 
pole  in  small  circles,  crossing  the  visible  meridian  twice,  once 
above  and  once  below  the  pole.  Of  all  these  circumpolar  stars, 
the  most  important  and  the  most  useful  to  the  observer  is  the 
pole  star,  both  because  of  its  close  pro?cimity  to  the  pole,  from 
which  its  distance  is  only  1^®,  and  because  its  magnitude  is  suf- 
ficiently great  to  be  visible  with  the  telescope  in  the  day.  This 
star,  then,  crosses  the  meridian  above  the  pole  and  below  it,  at 
intervals  of  twelve  hours  sidereal  time,  and  the  true  position  of 
the  pole  is  exactly  midway  between  the  two  points  where  the 
star  thus  crosses  the  meridian. 

If,  therefore,  the  readings  of  the  six  microscopes  be  taken 
when  the  pole  star  makes  its  transit  above  and  below  the  pole, 
their  readings  for  the  pole  itself  will  be  half  the  sum  of  the 
former  for  each  microscope. 

The  readings  for  the  pole  being  determined,  those  which 
correspond  to  the  point  where  the  celestial  equator  crosses  the 
meridian  may  be  found  by  substracting  the  former  from  90°. 

When  the  positions  of  the  microscopes  in  relation  to  the 
pole  and  equator  are  determined,  the  latitude  of  the  observatory 
will  be  known,  since  it  is  equal  to  the  altitude  of  the  celestial 
pole  (2362). 

2414.  All  circles  of  declination  represented  by  the  circle,  — 
Since  the  circles  of  declination,  which  are  imagined  to  surround 
the  heavens,  are  brought  by  the  diurnal  motion  in  succession  to 
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coincide  with  the  celestial  meridian  (2404),  and  since  that  meri* 
dian  is  itself  represented  bj  the  mural  circle,  that  circle  maj  be 
considered  as  presenting  successively  a  model  of  every  circle  of 
declination ;  and  the  position  of  any  object  upon  the  circle  of 
declination  is  represented  on  the  mural  circle  by  the  position  of 
the  telescope  when  directed  to  the  point  of  the  meridian  at 
which  the  object  crosses  it. 

If  the  object  have  a  fixed  position  on  the  firmament,  it  is 
evident  that  it  will  always  pass  the  meridian  at  the  same  point ; 
and  if  the  telescope  be  directed  to  that  point  and  main- 
tained there,  the  object  will  be  seen  at  the  intersection  of 
the  wires  regularly  after  intervals  of  twenty -four  hours  sidereal 
time. 

2415.  Declination  and  polar  distance  of  an  object,  —  The 
distance  of  an  object  from  the  celestial  equator,  measured  upon 
the  circle  of  declination  which  passes  through  it,  is  called  its 
DECLINATION,  and  is  NORTH  or  SOUTH,  accordiug  to  the  side  of 
the  equator  at  which  the  object  is  placed. 

The  declination  of  an  object  is  ascertained  with  the  mural 
circle  in  the  same  manner  and  by  the  same  observation  as  that 
which  gives  its  altitude.  The  readings  of  the  microscopes  for  the 
object  being  compared  with  their  readings  for  the  pole  (2413), 
give  the  polar  distance  of  the  object ;  and  the  difference  between 
the  polar  distances  and  9QP  gives  the  declination. 

Thus  the  polar  distance  and  declination  of  an  object  are  to 
the  equator  exactly  what  its  altitude  and  zenith  distance  are  to 
the  horizon.  But  since  the  equator  maintains  always  the  ^ame 
position  during  the  diurnal  motion  of  the  heavens,  the  declina- 
tion and  polar  distance  of  an  object  are  not  affected  by  that 
motion,  and  remain  the  same,  while  the  altitude  and  zenith 
distances  are  constantly  changing. 

2416.  Position  of  an  object  defined  by  its  declination  and 
right  ascension,  —  The  position  of  an  object  on  the  firmament  is 
determined  by  its  declination  and  right  ascension.  Its  declina- 
tion expresses  its  distance  north  or  south  of  the  celestial 
equator,  and  its  right  ascension  expresses  the  distance  of  the 
circle  of  declination  upon  which  it  is  placed  from  a  certain  de- 
fined point  upon  the  celestial  equator. 

It  is  evident,  therefore,  that  declination  and  right  ascension 
define  the  position  of  celestial  objects  in  exactly  the  same  manner 
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as  latitude  and  longitude  de6ne  the  position  of  places  on  the 
earth.  A  place  upon  the  globe  may  be  regarded  as  being  pro-> 
jected  on  the  heavens  into  the  point  which  forms  its  zenith ; 
and  hence  it  appears  that  the  latitude  of  the  place  is  identical 
with  the  declination  of  its  zenith. 


CHAP.  vn. 


ATMOSPHERIC   REFRACTION. 


2417.  Apparent  position  of  celestial  objects  affected  by  re^ 
fraction,  —  It  has  been  shown  that  the  ocean  of  air  which  sur- 
rounds, rests  upon^  and  extends  to  a  certain  limited  height  above 
the  surface  of  the  solid  and  liquid  matter  composing  the  globe, 
decreases  gradually  in  density  in  rising  from  the  surface  (719); 
that  when  a  ray  of  light  passes  from  a  rarer  into  a  denser 
transparent  medium,  it  is  deflected  towards  the  perpendicular  to 
their  common  surface ;  and  that  the  amount  of  such  deflection 
increases  with  the  difference  of  densities  and  the  angle  of  inci- 
dence (978  et  seq.).  These  properties,  which  air  has  in  common 
with  all  transparent  media,  produce  important  effects  on  the 
apparent  positions  of  celestial  objects. 

Let  ^a,fig.  710.,  be  a  ray  of  light  coming  from  any  distant 
object  8,  and  falling  on  the  surface 
of  a  series  of  layers  of  transparent 
matter,  increasing  in  density  down- 
wards. The  ray  sa,  passing  into 
the  first  layer,  will  be  deflected  in 
the  direction  aa'  towards  the  per- 
pendicular ;  passing  thence  into  the 
next,  it  will  be  again  deflected  in 
the  direction  a'  a",  more  towards 
the  perpendicular;  and,  in  fine, 
passing  through  the  lowest  layer, 
it  will  be  still  more  deflected,  and 
will  enter  the  eye  at  e,  in  the  di- 
rection a" «;  and  since  every  object 
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is  seen  in  the  direction  from  which  the  visual  ray  enters  the 
eye,  the  object  s  will  be  seen  in  the  direction  €S%  instead  of  its 
true  direction  a  s.  The  effect,  therefore,  is  to  make  the  object 
appear  to  be  nearer  to  the  zenithal  direction  than  it  really  is. 

And  this  is  what  actually  occurs  with  respect  to  all  celestial 
objects  seen,  as  such  objects  always  must  be,  through  the  at- 
mosphere.    The  visual  ray  sd.  Jig.  711. ,  passing  through   a 


Fig.  711. 

succession  of  strata  of  air,  gradually  and  continually  increasing 
in  density,  its  path  will  be  a  curve  bending  from  d  towards  a, 
and  convex  towards  the  zenithal  line  AZ.  The  direction  in 
which  the  object  will  be  seen,  being  that  in  which  the  visual 
ray  enters  the  eye,  will  be  the  tangent  a*  to  the  curve  at  a. 
The  object  will  therefore  be  seen  in  the  direction  a*  instead 
of  D8. 

It  has  been  shown  that  the  deflection  produced  by  refraction 
is  increased  with  the  increase  of  the  angle  of  incidence.  Now, 
in  the  present  case,  the  angle  of  incidence  is  the  angle  under 
the  true  direction  of  the  object  and  the  zenithal  line,  or,  what 
is  the  same,  the  zenith  distance  of  the  object.  The  extent^ 
therefore,  to  which  any  celestial  object  is  disturbed  from  its 
true  place  by  the  refraction  of  the  atmosphere,  increases  with 
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its  zenith  distance.     The  refraction  is,  therefore,  nothing  in  the 
zenith,  and  greatest  in  the  horizon. 

2418.  Law  of  atmospheric  refraction, — The  extent  to  which 
a  celestial  object  is  displaced  by  refraction,  therefore,  depends 
upon  and  increases  with  its  distance  from  the  zenith ;  and  it  can 
be  shown  to  be  a  consequence'of  the  general  principles  of  optics, 
that  when  other  things  are  the  same,  the  actual  quantity  of  this 
displacement  (except  at  very  low  altitudes)  varies  in  the  pro- 
portion of  the  tangent  of  the  zenith  distance. 

Thus,  if  KZ,fig.  712.,  be  the  zenithal  direction,  and  AO,  Ao', 
Ao",  &c.,  be  the  directions  of  celes- 
tial objects,  their  zenith  distances 
being  ZAO,  ZAo',  ZAo",  &c.,  the 
quantities  of  refraction  by  which 
they  will  be  severally  affected,  or, 
what  is  the  same,  the  difierences 
p.  between  their  true  and  apparent 

directions,  will  be  in  the  ratio  of 
the  tangents  zt,  zt',  zt",  &c.  of  the  zenith  distances.* 

This  law  prevails  with  considerable  exactitude,  except  at 
very  low  altitudes,  where  the  refractions  depart  from  it,  and 
become  uncertain. 

2419.  Quantity  of  refraction.  —  When  the  latitude  of  the 
observatory  is  known,  the  actual  quantity  of  refraction  at  a 
given  altitude  may  be  ascertained  by  observing  the  altitudes  of 
a  circumpolar  star,  when  it  passes  the  meridian  above  and 
below  the  pole.     The  sum  of  these  altitudes  would  be  exactly 

*  This  law  raaj  be  demonstrated  as  follows : — The  angle  of  incidence  of  the 
visual  ray  is  equal  to  the  zenith  distance  z  of  the  object.  If  r  express  the 
refraction,  tlie  angle  of  refraction  will  be  ;r— r.  Let  the  index  of  refraction 
(980)  be  m.     By  the  general  law  of  refraction  we  have,  therefore, 

sin.  2=s  m  X  sin.  («— t)  =  m  x  sin.  x  cos.  r  —  my.  cos.  x  sin.  r. 

But  since  r  is  a  very  small  angle,  if  it  be  expressed  in  seconds,  we  shall  have 

cos.r==l,  ""•'•  =  ^^5' 

and,  consequently, 


sm.  z=«  X  sin.  «— m  x  cos.  z  x  oQgoge' 

and,  therefore, 

r  -  206267"  x  ^"  *-  x  ^-'  =  206265"  x  ^ni  x  tan.  x, 
m        COS.  z  m 
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^ual  to  twice  the  latitude  (2362)  if  the  refraction  did  not 
exist,  but  since  bj  its  effects  the  star  is  seen  at  greater  than  its 
true  altitudes,  the  sum  of  the  altitudes  will  be  greater  than 
twice  the  latitude  by  the  sum  of  the* two  refractions.  This 
sum  will  therefore  be  known,  and  being  divided  between  the 
two  altitudes  in  the  ratio  of  the  tangents  of  the  zenith  dis- 
tances, the  quantity  of  refraction  due  to  each  altitude  will  be 
known. 

The  pole  star  answers  best  for  this  observation,  especially  in 
these  and  higher  latitudes,  where  it  passes  the  meridian  within 
the  limits  of  the  more  regular  influence  of  refraction ;  and  the 
difference  of  its  altitudes  being  only  3®,  no  considerable  error 
can  arise  in  apportioning  the  total  refraction  between  the  two 
altitudes. 

2420.  Tables  of  refraction.  —  To  determine  with  great  ex- 
actitude the  average  quantity  of  refraction  due  to  different 
altitudes,  and  the  various  physical  conditions  under  which  the 
actual  refraction  departs  from  such  average,  is  an  extremely 
difficult  physical  problem.  These  conditions  are  connected 
with  phenomena  subject  to  uncertain  and  imperfectly  known 
laws.  Thus,  the  quantity  of  refraction  at  a  given  altitude 
depends,  not  only  on  the  density,  but  also  on  the  temperature 
of  the  successive  strata  of  air  through  which  the  visual  ray 
has  passed.  Although,  as  a  general  fact,  it  is  apparent  that 
the  temperature  of  the  air  falls  as  we  rise  in  the  atmosphere 
(2185),  yet  the  exact  law  according  to  which  it  decreases  is 
not  fully  ascertained.  But  even  though  it  were,  the  refraction 
is  also  influenced  by  other  agencies,  among  which  the  hygro- 
raetric  condition  of  the  air  holds  an  important  place. 

From  these  causes,  some  uncertainty  necessarily  attends 
astronomical  observations,  and  some  embarrassment  arises  in 
cases  where  the  quantities  to  be  detected  by  the  observations  are 
extremely  minute.  Nevertheless,  it  must  be  remembered,  that 
since  the  total  amount  of  refracticm  is  never  considerable,  and 
in  most  cases  it  is  extremely  minute,  and  since,  small  as  it  is, 
it  can  be  very  nearly  estimated  and  allowed  for,  and  in  some 
cases  wholly  effaced,  no  serious  obstacle  is  offered  by  it  to  the 
general  progress  of  astronomy. 

Tables  of  refraction  have  been  constructed  and  calculated, 
partly  from  observation  and  partly  from  theory,  by  which  the 
observer  may  at  once  obtain  the  average  quantity  of  refraction 
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at  each  altitude  ;  and  rules  are  given  bj  which  this  average 
refraction  may  be  corrected  according  to  the  peculiar  state  of 
the  barometer,  thermometer,  and  other  indicators  of  the  phy- 
sical state  of  the  air. 

2421.  Average  quantity  at  mean  altitudes.  —  While  the  re- 
fraction is  nothing  in  the  zenith,  and  somewhat  greater  than 
the  apparent  diameter  of  the  sun  or  moon  in  the  horizon^ 
it  does  not  amount  to  so  much  as  1',  or  the  thirtieth  part  of 
this  diameter,  at  the  mean  altitude  of  4o°. 

2422.  Effect  on  rising  and  setting,  —  Its  mean  quantity  in 
the  horizon  is  33',  which  being  a  little  more  than  the  mean 
apparent  diameters  of  the  sun  and  moon,  it  follows  that  these 
objects,  at  the  moment  of  rising  and  setting,  are  visible  above 
the  horizon,  the  lower  edge  of  their  disks  just  touching  it,  when 
in  reality  they  are  below  it,  the  upper  edge  of  the  disk  just 
touching  it. 

The  moments  of  rising  of  all  objects  are  therefore  accelerated, 
and  those  of  setting  retarded,  by  refraction.  The  sun  and 
moon  appear  to  rise  before  they  have  really  risen,  and  to  set 
after  they  have  really  set ;  and  the  same  is  true  of  all  other 
objects. 

2423.  General  effect  of  the  barometer  on  refraction.—^ 
Since  the  barometer  rises  with  the  increased  weight  and  density 
of  the  air,  its  rise  is  attended  by  an  augmentation,  and  its  fall 
by  a  decrease,  of  refraction.  It  may  be  assumed  that  the 
refraction  at  any  proposed  altitude  is  increased  or  diminished 
by  1- 300th  part  of  its  mean  quantity  for  every  10th  of  an 
inch  by  which  the  barometer  exceeds  or  falls  short  of  the 
height  of  30  inches. 

2424.  Effect  of  thermometer,  —  As  the  increase  of  tem- 
perature causes  a  decrease  of  density,  the  effect  of  refraction 
is  diminished  by  tlie  elevation  of  the  thermometer,  the  state 
of  the  barometer  being  the  same.  It  may  be  assumed,  that  the 
refraction  at  any  proposed  altitude  is  diminished  or  increased 
by  the  420th  part  of  its  mean  amount  for  each  degree  by  which 
Fahrenheit's  thermometer  exceeds  or  falls  short  of  the  mean 
temperature  of  55®. 

2425.  Twilight  caused  by  the  reflection  of  the  atmosphere. — 
The  sun  continues  to  illuminate  the  clouds  and  the  superior 
strata  of  the  air  after  it  has  set,  in  the  same  manner  as  it 
chines  on  the  summits  of  lofty  mountain  peaks  long  after  it 
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has  descended  from  the  view  of  the  inhabitants  of  the  adjacent 
plains.  The  air  and  clouds  thus  illuminated,  reflect  light  to 
the  surface  below  them;  and  thus,  after  sunset  and  before 
sunrise,  produce  that  light,  more  or  less  feeble  according  to 
the  depression  of  the  sun,  called  twilight.  Immediatelj  after 
sunset  the  entire  visible  atmosphere,  and*  all  the  clouds  which 
float  in  it,  are  flooded  with  sunlight,  and  produce,  bj  reflection, 
an  illumination  little  less  intense  than  before  the  sun  had 
disappeared.  According  as  the  sun  sinks  lower  and  lower, 
less  and  less  of  the  visible  atmosphere  receives  his  light,  and 
less  and  less  of  it  is  transmitted  by  reflection  to  the  surface, 
until  at  length,  and  by  slow  degrees,  all  reflection  ceases,  and 
night  begins. 

The  same  series  of  phenomena  are  developed  in  an  opposite 
order  before  sunrise  in  the  morning,  commencing  with  the 
first  feeble  light  of  dawn,  and  ending  with  the  full  blaze  of  day 
when  the  disk  of  the  sun  becomes  visible. 

The  general  effect  of  the  air,  clouds,  and  vapours  in  diffusing 
light,  and  rendering  more  effectual  the  general  illumination 
produced  by  the  sun,  has  been  already  explained  in  (923, 
924). 

2426.  Oval  form  ofdiiks  of  sun  and  moon  explained.  —  One 
of  the  most  curious  effects  of  atmospheric  refraction  is  the  oval 
form  of  the  disks  of  the  sun  and  moon,  when  near  the  horizon. 
This  arises  from  the  unequal  refraction  of  the  upper  and  lower 
limbs.  The  latter  being  nearer  the  horizon  is  more  affected 
by  refraction,  and  therefore  raised  in  a  greater  degree  than 
the  upper  limb,  the  effect  of  which  is  to  bring  the  two  limbs 
apparently  closer  together,  by  the  difference  between  the  two 
refractions.  The  form  of  the  disk  is  therefore  affected  as  if 
it  were  pressed  between  two  forces,  one  acting  above,  and  the 
other  below,  tending  to  compress  its  vertical  diameter,  and  to 
give  it  the  form  of  an  ellipse,  the  lesser  axis  of  which  is  vertical, 
and  the  greater  horizontal.* 

*  For  an  eiplanation  of  the  great  apparent  magnitude  of  the  solar  and 
lunar  disks  in  rising  and  setting,  see  (1 170). 
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CHAP.  vnr. 

ANNUAL   MOTION  OF   THE   EABTH. 

2427.  Apparent  motion  of  the  sun  in  the  heavens,  —  Inde- 
pendently of  the  motion  which  the  sun  has  in  common  with  the 
entire  firmament,  and  in  virtue  of  which  it  rises,  ascends  to  the 
meridian,  and  sets,  it  is  observed  to  change  its  position  from 
day  to  day  with  relation  to  the  other  celestial  objects  among 
which  it  is  placed.  In  this  respect,  therefore,  it  differs  essen- 
tially from  the  stars,  which  maintain  their  relative  positions  for 
months,  years,  and  ages,  unaltered. 

If  the  exact  position  of  the  sun  be  observed  from  day  to  day 
and  from  month  to  month,  through  the  year,  with  reference  to 
the  stars,  it  will  be  found  that  it  has  an  apparent  motion  among 
them  in  a  great  circle  of  the  celestial  sphere,  the  plane  of  which 
forms  an  angle  of  23®  28'  with  the  plane  of  the  celestial  equator. 

2428.  Ascertained  by  the  transit  instrument  and  mural 
circle, — This  apparent  motion  of  the  sun  was  ascertained  with 
considerable  precision  before  the  invention  of  the  telescope  and 
the  subsequent  and  consequent  improvement  of  the  instruments 
of  observation.  It  may,  however,  be  made  more  clearly  mani- 
fest by  the  transit  instrument  and  mural  circle. 

If  the  transit  of  the  sun  be  observed  daily  (2402),  and  its  right 
ascension  be  ascertained  (2405),  it  will  be  found  that  from 
day  to  day  the  right  ascension  continually  increases,  so  that  the 
circle  of  declination  (2404)  passing  through  the  centre  of  the 
sun  is  carried  with  the  sun  round  the  heavens,  making  a  com- 
plete revolution  in  a  year,  and  moving  constantly  from  west  to 
east,  or  in  a  direction  contrary  to  the  apparent  diurnal  motion 
of  the  firmament. 

If  the  point  at  which  the  sun's  centre  crosses  the  meridian 
daily  be  observed  with  the  mural  circle  (2408),  it  will  be  found 
to  change  from  day  to  day.  Let  its  distance  from  the  celestial 
equator,  or  its  declination,  be  observed  (2415)  daily  at  noon. 
It  will  be  found  to  be  nothing  on  the  21st  of  March  and  21st  of 
September,  on  which  days  the  polar  distance  of  the  sun's  centre 
will  be  therefore  90**.     The  sun's  centre  is,  then,  on  these  days. 
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in  the  celestial  equator.  After  the  21st  March  the  sun's  centre 
will  be  north  of  the  equator,  and  its  declination  will  continually 
increase,  until  it  becomes  23°  28'  on  the  21st  June.  It  will 
then  begin  slowly  to  decrease,  and  will  continue  to  decrease 
until  21st  September,  when  the  centre  of  the  sun  will  again  be 
in  the  equator.  After  that  it  will  pass  the  meridian  south  of 
the  equator,  and  will  consequently  have  south  declination.  This 
will  increase,  until  it  becomes  23**  28'  on  the  21st  December; 
after  which  it  will  decrease  until  the  centre  of  the  sun  returns 
to  the  equator  on  the  21st  March. 

By  ascertaining  the  position  of  the  centre  of  the  sun's  disk 
from  day  to  day,  by  means  of  its  right  ascension  and  declination 
(2416),  and  tracing  its  course  upon  the  surface  of  a  celestial 
globe,  its  path  is  proved  to  be  a  great  circle  of  the  heavens,  in- 
clined to  the  equator  at  an  angle  of  23®  28'. 

2429.  The  ecliptic.  —  This  great  circle  in  which  the  centre 
of  the  disk  of  the  sun  thus  appears  to  move,  completing  its  re- 
volution in  it  in  a  year,  is  called  the  ecliptic,  because,  for 
reasons  which  will  be  explained  hereafter,  solar  and  lunar 
eclipses  can  never  take  place  except  when  the  moon  is  in  or 
very  near  it. 

2430.  The  equinoxial  points*  —  The  ecliptic  intersects  the 
celestial  equator  at  two  points  diametrically  opposite  to  each 
other,  dividing  the  equator,  and  being  divided  by  it  into  equal 
parts.  These  are  called  the  equinoxial  points,  because,  when 
the  centre  of  the  solar  disk  arrives  at  them,  being  then  in  the 
celestial  equator,  the  sun  will  be  equal  times  above  and  below 
the  horizon  (2367),  and  the  days  and  nights  will  be  equal. 

2431.  The  vernal  and  autumnal  equinoxes, — The  equi- 
noxial point  at  which  the  sun  passes  from  the  south  to  the  north 
of  the  celestial  equator  is  called  the  vernal,  and  that  at  which 
it  passes  from  the  north  to  the  south  is  called  the  autumnal, 
equinoxial  point.  The  times  at  which  the  centre  of  the  sun  is 
found  at  these  points  are  called,  respectively,  the  vernal  and 
autumnal  equinoxes. 

The  vernal  equinox,  therefore,  takes  place  on  the  21st  March, 
and  the  autumnal  on  the  21st  September. 

2432.  The  seasons, — That  semicircle  of  the  ecliptic  through 
which  the  sun  moves  from  the  vernal  to  the  autumnal  equinox 
18  north  of  the  celestial  equator ;  and  during  that  interval  the 
8un  will  therefore  (2351)  be  longer  above  than  below  the  hori- 
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Eon,  and  will  pass  the  meridian  above  the  equator  in  places 
having  north  latitude.  The  days,  therefore,  during  that  half- 
year,  will  be  longer  than  the  nights. 

That  semicircle  through  which  the  centre  of  the  sun  moves 
from  the  autumnal  to  the  vernal  equinox  being  south  of  the 
celestial  equator,  the  sun^  for  like  reasons,  will  during  that  half- 
year  be  longer  below  than  above  the  horizon,  and  the  days  will 
be  shorter  than  the  nights,  the  sun  rising  to  a  point  of  the  me- 
ridian  below  the  equator. 

The  three  months  which  succeed  the  vernal  equinox  are  called 
SPRING,  and  those  which  precede  it  winter  ;  the  three  months 
which  precede  the  autumnal  equinox  are  called  summer,  and 
those  which  succeed  it  winter. 

2433.  The  solstices. — Those  points  of  the  ecliptic  which  are 
midway  between  the  equinoxial  points  are  the  most  distant 
from  the  celestial  equator.  The  arcs  of  the  ecliptic  between 
these  points  and  the  equinoxial  points  are  therefore  9(P.  These 
are  called  the  solstitial  points,  and  the  times  at  which  the 
centre  of  the  solar  disk  passes  through  them  are  called  the 
solstices. 

The  summer  solstice,  therefore,  takes  place  on  the  21st  June, 
and  the  winter  solstice  on  the  21st  December. 

This  distance  of  the  summer  sobtitial  point  north,  and  of  the 
winter  sobtitial  point  south  of  the  celestial  equator  is  23°  28'. 

The  more  distant  the  centre  of  the  sun  is  from  the  celestial 
equator,  the  more  unequal  will  be  the  days  and  nights  (2356), 
and  consequently  the  longest  day  will  be  the  day  of  the  summer, 
and  the  shortest  the  day  of  the  winter,  solstice. 

It  will  be  evident  that  the  seasons  must  be  reversed  in 
soutliern  latitudes,  since  there  the  visible  celestial  pole  will  be 
the  south  pole.  The  summer  solstice  and  the  vernal  equinox 
of  the  northern,  are  the  winter  solstice  and  autumnal  equinox 
of  the  southern  hemisphere.  Nevertheless,  as  the  most  densely 
inhabited  and  civilized  parts  of  the  globe  are  in  the  northern 
hemisphere,  the  names  in  reference  to  the  local  phenomena  are 
usually  preserved. 

2434.  The  Zodiac. — It  will  be  shown  hereafter  that  the 
apparent  motions  of  the  planets  are  included  within  a  space  of 
the  celestial  sphere  extending  a  few  degrees  north  and  south 
of  the  ecliptic.  The  zone  of  the  heavens  included  within  these 
limi^  is  called  the  zodiac. 
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2435.  The  signs  of  the  zodiac*  —  The  circle  of  the  zodiac  is 
divided  into  twelve  equal  parts,  called  signs,  each  of  which 
therefore  measures  30°.  They  are  named  from  principal  con- 
stellations, or  groups  of  stars,  which  are  placed  in  or  near 
them.  Beginning  from  the  vernal  equinoxial  point  they  are  as 
follows :  — 


Sign. 

Sign. 

1.  Aries  (the  ram)  -        « 

-   nn 

7.  Libra  (the  balance)    - 

£: 

2.  Taurus  (the  bull) 

-     0 

8.  Scorpio  (the  scorpion) 

m 

3.  Gemini  (the  twins) 

-   n 

9.  Sagittarius  (the  archer) 

t 

4.  Cancer  (the  crab) 

-       0 

10.  Capricornus  (the  goat) 

vr 

5.  Leo  (the  lion)     - 

-       h 

11.  Aquarius  (the  waterman)  - 

aea 

6.  Virgo  (the  virgin) 

-  iw 

12.  Pisces  (the  fishes)     * 

H 

Thus,  the  position  of  the  vernal  equinoxial  point  is  the  first 
l»oiNT  OF  ARIES,  and  that  of  the  autumnal  the  first  point  of 
LIBRA.  The  summer  solstitial  point  is  at  the  first  point  of 
CANCER,  and  the  winter  at  the  first  point  of  Capricorn. 

2436.  The  tropics. — The  points  of  the  ecliptic  at  which  the 
centre  of  the  sun  is  most  distaQt  from  the  celestial  equator  are 
also  called  the  tropics, — the  northern  being  the  tropic  of 
CANCER,  and  the  southern  the  tropic  op  Capricorn. 

This  term  tropic  is  also  applied  in  geography  to  those  parts 
of  the  earth  whose  distances  from  the  terrestrial  equator  are 
equal  to  the  greatest  distance  of  the  centre  of  the  solar  disk 
from  the  celestial  equator.  The  northern  tropic  is,  therefore, 
a  parallel  of  latitude  23°  28'  north,  and  the  southern  tropic  a 
parallel  of  latitude  23°  28'  south  of  the  terrestrial  equator. 

24'37.  Celestial  latitude  and  longitude, — The  terms  latitude 
and  longitude,  as  applied  to  objects  on  the  heavens,  have  a  sig- 
nification different  from  that  given  to  them  when  applied  to 
places  upon  the  earth.  The  latitude  of  an  object  on  the 
heavens  means  its  distance  from  the  ecliptic,  measured  in  a 
direction  perpendicular  to  the  ecliptic  ;  and  its  longitude  is  the 
arc  of  the  ecliptic,  between  the  first  point  of  Aries  and  the 
circle  which  measures  its  latitude,  taken,  like  the  right  ascension, 
according  to  the  order  of  the  signs. 

Thus  since  the  centre  of  the  sun  is  always  on  the  ecliptic,  its 
latitude  is  always  0®.  At  the  vernal  equinox  its  longitude  is 
0°,  at  the  summer  solstice  it  is  90°,  at  the  autumnal  equinox 
180°,  and  at  the  winter  solstice  270^. 

2438.  Annual  motion  of  the  earth.  —  The  apparent  annual 
motion  of  the  sun,  described  above,  is  a  phenomenon  which  can 
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only  proceed  from  one  or  other  of  two  causes.  It  may  arise 
from  a  real  annual  revolution  of  the  sun  round  the  earth  at 
rest,  or  from  a  real  revolution  of  the  earth  round  the  sun  at 
rest  £ither  of  these  causes  would  explain,  in  an  equally  satis- 
factory manner,  all  the  circumstances  attending  the  apparent 
annual  motion  of  the  sun  around  the  firmament.  There  is 
nothing  in  the  appearance  of  the  sun  itself  which  could  give  a 
greater  probability  to  either  of  these  hypotheses  than  to  the 
other.  If,  therefore,  we  are  to  choose  between  them,  we  must 
seek  the  grounds  of  choice  in  some  other  circumstances. 

It  was  not  until  the  revival  of  letters  that  the  annual  motion 
of  the  earth  was  admitted.  Its  apparent  stability  and  repose 
were  until  then  universally  maintained.  An  opinion  so  long  and 
so  deeply  rooted  must  have  bad  some  natural  and  intelligible 
grounds.  These  grounds,  undoubtedly,  are  to  be  found  only 
in  the  general  impression,  that  if  the  globe  moved,  and  es- 
pecially if  its  motion  had  so  enormous  a  velocity  as  must  be 
imputed  to  it,  on  the  supposition  that  it  moves  annually  round 
the  sun,  we  must  in  some  way  or  other  be  sensible  of  such 
movement. 

All  the  reasons,  however,  why  we  are  unconscious  of  the  real 
rotation  of  the  earth  upon  its  axis  (2350)  are  equally  applicable 
to  show  why  we  must  be  unconscious  of  the  progressive  motion 
of  the  earth  in  its  annual  course  round  the  sun.  The  motion 
of  the  globe  through  space  being  perfectly  smooth  and  uniform, 
we  can  have  no  sensible  means  of  knowing  it,  except  those 
which  we  possess  in  the  case  of  a  boat  moving  smoothly  along 
a  river:  that  is,  by  looking  abroad  at  some  external  objects 
which  do  not  participate  in  the  motion  imputed  to  the  earth. 
Now,  when  we  do  look  abroad  at  such  objects,  we  find  that  they 
appear  to  move  exactly  as  stationary  objects  would  appear  to 
move,  seen  from  a  moveable  station.  It  is  plain,  then,  if  it  be 
true  that  the  earth  really  has  the  annual  motion  round  the  sun 
which  is  contended  for,  that  we  cannot  expect  to  be  conscious 
of  this  motion  from  anytliing  which  can  be  observed  on  our  own 
bodies  or  those  which  surround  us  on  the  surface  of  the  .earth : 
we  must  look  for  it  elsewhere. 

But  it  will  be  contended  that  the  apparent  motion  of  the  sun, 
even  upon  the  argument  just  stated,  may  equally  be  explained 
by  the  motion  of  the  earth  round  the  sun,  or  the  motion  of  the 
sun  round  the  earth ;  and  that,  therefore,  this  appearance  can 


Digitized  by 


Google 


ANNUAL  MOTION  OF  THE  EARTH.  163 

still  prove  nothing  positively  on  this  question.  We  have,  how- 
ever, other  proofs,  of  a  very  decisive  character. 

Newton  showed  that  it  was  a  general  law  of  nature,  and 
part,  in  fact,  of  the  principle  of  gravitation,  that  any  two  globes 
placed  at  a  distance  from  each  other,  if  they  are  in  the  first 
instance  quiescent  and  free,  must  move  with  an  accelerated 
motion  to  their  common  centre  of  gravity,  where  they  will  meet 
and  coalesce ;  but  if  they  be  projected  in  a  direction  not  passing 
through  this  centre  of  gravity,  they  will  both  of  them  revolve 
in  orbits  around  that  point  periodically. 

Now  it  will  appear  hereafter  that  the  common  centre  of 
gravity  of  the  earth  and  sun,  owing  to  the  immense  preponder- 
ance of  the  mass  of  the  sun  (309),  is  placed  at  a  point  very 
near  the  centre  of  the  sun.  Hound  that  point,  therefore,  the 
earth  must,  according  to  this  principle,  revolve. 

2439.  Motion  of  light  proves  the  annual  motion  of  the  earth, 
—  Since  the  principle  of  gravitation  itself  might  be  considered 
as  more  or  less  hypothetical,  it  has  been  considered  desirable  to 
find  other  independent  and  more  direct  proofs  of  a  phenomenon, 
so  fundamentally  important  and  so  contrary  to  the  first  im- 
pressions of  mankind,  as  the  revolution  of  the  earth  and  the 
quiescence  of  the  sun.  A  remarkable  evidence  of  this  motion 
has  been  accordingly  discovered  in  a  vast  body  of  apparently 
complicated  phenomena  which  are  the  immediate  effects  of  such 
a  motion,  which  could  not  be  explained  if  the  earth  were  at 
rest  and  the  sun  in  motion,  and  which,  in  fine,  would  be  inex- 
plicable on  any  other  supposition  save  the  revolution  of  the 
earth  round  the  sun. 

It  has  been  ascertained,  as  has  been  already  explained,  that 
light  is  propagated  through  space  with  a  certain  great  but  de- 
finite velocity  of  about  192,000  miles  per  second.  That  light 
has  this  velocity  is  proved  by  the  body  of  optical  phenomena 
which  cannot  be  explained  without  imputing  to  it  such  a 
motion,  and  which  are  perfectly  explicable  if  such  a  motion  be 
admitted.  Independently  of  this,  another  demonstration  that 
light  moves  with  this  velocity  is  supplied  by  an  astronomical 
phenomenon  which  will  be  noticed  in  a  subsequent  part  of  this 
volume. 

2440.  Aberration  of  light. — Assuming,  then,  the  velocity  of 
light,  and  that  the  earth  is  in  motion  in  an  orbit  round  the 
sun  with  a  velocity  of  about  19  miles  per  second,  which  must 
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be  its  speed  if  it  move  at  all,  as  will  hereafter  appear,  an  effect 
would  be  produced  upon  the  apparent  places  of  all  celestial  ob- 
jects bj  the  combination  of  these  two  motions  which  we  shall 
now  explain. 

It  has  been  stated  that  the  apparent  direction  of  a  visible 

object  is  the  direction  from  which  the  visual  ray  enters  the  eye. 

Now  this  direction  will  depend  on  the  actual  direction  of  the 

ray  if  the  eye  which  receives  it  be  quiescent ;  but  if  the  eye  be 

in  motion,  the  same  effect  is  produced  upon  the  organ  of  sense 

as  if  the  ray,  besides  the  motion  which  is  proper  to  it,  had 

another  motion  equal  and  contrary  to  that  of  the  eye.     Thus,  if 

light  moving  from  the  north  to  the  south  with  a  velocity  of 

192,000  miles  per  second  be  struck  by  an  eye  moving  from  west 

to  east  with  the  same  velocity,  the  effect  produced  by  the  light 

upon  the  organ  will  be  the  same  as  if  the  eye,  being  at  rest, 

were  struck  by  the  light  having  a  motion  compounded  of  two 

equal  motions,  one  from  north  to  south,  and  the  other  from  east 

to  west.     The  direction  of  this  compound  effect  would,  by  the 

principles  of  the  composition  of  motion  (176),  be  equivalent  to 

o*  Q  a  motion  from  the  direction  of  the  north- 

•   ;  east.  The  object  from  which  the  light  comes 

•  would,  therefore,  be  apparently  displaced, 

\  and  would  be  seen  at  a  point  beyond  that 

\  •  which  it  really  occupies  in  the  direction  in 

\         i  which  the   eye  of  the  observer  is  moved. 

;  This  displacement  is  called  accordingly  the 

\         ;  ABERRATION  OP  LIGHT. 

\      ;  This  may  be  made  still  more  evident  by 

;     1  the  following  mode  of  illustration.     Let  o, 

\    1  fiff'  713.,  be  the   object  from  which   light 

\  :  comes  in  the  direction  o  o  c".      Let  e  be  the 

\  \  place  of  the  eye  of  the  observer  when  the 

light  is  at  Oy  and  let  the  eye  be  supposed  to 

move  from  e  to  ^'  in  the  same  time  that  the 

light  moves  from  o  to  c".     Let  a  straight 

tube  be  imagined  to  be  directed  from  the 

eye  at  e  to  the  light  at  o,  so  that  the  light 

shall  be  in  the  centre  of  its  opening,  while 

the  tube  moves  with  the  eye  from  oe  to 

o'V,  maintaining  constantly  the  same  direc- 

Fig.  713.  tion,  and  remaining  parallel  to  itself:  the  light 
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in  moving  from  o  to  c",  will  pass  along  its  axis,  and  will  arrive 
at  tf"  when  the  eye  arrives  at  that  point.  Now  it  is  evident  that 
in  this  case  the  direction  in  which  the  object  would  be  visible, 
would  be  the  direction  of  the  axis  of  the  tube,  so  that,  instead 
of  appearing  in  the  direction  oo,  which  is  its  true  direction,  it 
would  appear  in  the  direction  o  o'  advanced  from  o  in  the  di- 
rection of  the  motion  e  e"  with  which  the  observer  is  affected. 

The  motion  of  light  being  at  the  rate  of  192,000  miles  per 
second,  and  that  of  the  earth  (if  it  move  at  all)  at  the  rate  of 
19  miles  per  second  (both  these  velocities  will  be  established 
hereafter),  it  follows,  that  the  proportion  of  oc"  to  ee"  must  be 
192,000  to  19,  or  10,100  to  1. 

The  ANGLE  OP  ABERRATION  Ooo'  will  vary  with  the  obliquity 
of  the  direction  ee^'  of  the  observer's  motion  to  that  of  the  visual 
ray  oe'\  In  all  cases  the  ratio  of  oe"  to  ee'^  will  be  10,100  to 
1.  If  the  direction  of  the  earth's  motion  be  at  right  angles  to 
the  direction  oc"  of  the  object  o,  we  shall  have  (2294)  the 
aberration 

206,265^ 
10,100 

If  the  angle  oe"c  be  oblique,  it  will  be  necessary  to  reduce 
€c"  to  its  component  at  right  angles  to  oc",  which  is  done  by 
multiplying  it  by  the  trigonometrical  sine  of  the  obliquity  oe^^e 
of  the  direction  of  the  object  to  that  of  the  earth's  motion.  If 
this  obliquity  be  expressed  by  o,  we  shall  have  for  the  aberra- 
tions in  general 

a  =  20''-42  X  sin.  o. 

According  to  this,  the  aberration  would  be  greatest  when  the 
direction  of  the  earth's  motion  is  at  right  angles  to  that  of  the 
object,  and  would  decrease  as  the  angle  o  decreases,  being 
nothing  when  the  object  is  seen  in  the  direction  in  which  the 
earth  is  moving,  or  in  exactly  the  contrary  direction. 

The  phenomena  may  also  be  imagined  by  considering  that 
the  earth,  in  revolving  round  the  sun,  constantly  changes  the 
direction  of  its  motion ;  that  direction  making  a  complete  revo- 
lution with  the  earth,  it  follows  that  the  effect  produced  upon 
the  apparent  place  of  a  distant  object  would  be  the  same  as  if 
that  object  reaUy  revolved  once  in  a  year  round  its  true  place 
in  a  circle  whose  plane  would  be  parallel  to  that  of  the  earth's 
orbity  and  whose  radius  would  subtend  at  the  earth  an  angle  of 
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2C*42,  and  the  object  would  be  always  seen  in  such  a  circle 
90°  in  advance  of  the  earth's  place  in  its  orbit. 

These  circles  would  be  reduced  by  projection  to  ellipses  of 
infinitely  various  excentricities,  according  to  the  position  of  the 
object  with  relation  to  the  plane  of  the  earth's  orbit.  At  a 
point  perpendicularly  above  that  plane,  the  object  would  appear 
to  move  annually  in  an  exact  circle.  At  points  nearer  to  the 
ecliptic,  its  apparent  path  would  be  an  ellipse,  the  excentricity 
of  which  would  increase  as  the  distance  from  the  ecliptic  would 
diminish,  according  to  definite  conditions. 

Now,  all  these  apparent  motions  are  actually  observed  to 
affect  all  the  bodies  visible  on  the  heavens,  and  to  affect  them 
in  precisely  the  degree  and  direction  which  would  be  produced 
by  the  annual  motion  of  the  earth  round  the  sun. 

As  the  supposed  motion  of  the  earth  round  the  sun  completely 
and  satisfactorily  explains  this  complicated  body  of  phenomena 
called  aberration,  while  the  motion  of  the  sun  round  the  earth 
would  altogether  fail  to  explain  them,  they  afford  another 
striking  evidence  of  the  annual  motion  of  the  earth. 

2441.  Argument  from  analogy.  — In  fine,  another  argument 
in  favour  of  the  earth's  annual  motion  round  the.  sun  is  taken 
from  its  analogy  to  the  planets,  to  all  of  which,  like  the  earth, 
the  sun  is  a  source  of  light  and  heat,  and  all  of  which  revolve 
round  the  sun  as  a  centre,  having  days,  nights,  and  seasons  in 
all  respects  similar  to  those  which  prevail  upon  the  earth.  It 
seems,  therefore,  contrary  to  all  probability,  that  the  earth  alone, 
being  one  of  the  planets,  and  by  no  means  the  greatest  in  mag- 
nitude or  physical  importance,  should  be  a  centre  round  which 
not  only  the  sun,  but  all  the  other  planets,  should  revolve. 

2442.  Annual  parallax.  —  If  the  earth  be  admitted  to  move 
annually  round  the  sun,  as  a  stationary  centre  in  a  circle  whose 
diameter  must  have  the  vast  magnitude  of  200  millions  of  miles, 
all  observers  placed  upon  the  earth,  seeing  distant  objects  from 
points  of  view  so  extremely  distant  one  from  the  other  as  are 
opposite  extremities  of  the  same  diameter  of  such  a  circle,  must 
necessarily,  as  might  be  supposed,  see  these  objects  in  very  dif- 
ferent directions. 

To  comprehend  the  effect  which  might  be  expected  to  be 
produced  upon  the  apparent  place  of  a  distant  object  by  such  a 
motion,  let  ee'e"e'",  fig,  714.,  represent  the  earth's  annual 
course  round  the  sun  as  seen  in  perspective,  and  let  o  be  any 
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distant  object  visible  from  the  earth.  The  extremity  £  of  the 
line  EO,  which  is  the  visual  direction  of  the  object,  being  carried 
with  the  earth  round  the  circle  ee'e"e'", 
will  annually  describe  a  cone  of  which 
the  base  is  the  path  of  the  earth,  and  the 
vertex  is  the  place  of  the  object  o.  While 
the  earth  moves  round  the  circle  ee", 
the  line  of  visual  direction  would  there- 
fore have  a  corresponding  motion,  and 
the  apparent  place  of  the  object  would 
be  successively  changed  with  the  change 
of  direction  of  this  line.  If  the  object 
be  imagined  to  be  projected  by  the  eye 
upon  the  firmament,  it  would  trace  upon 
it  a  path  oo'o"o"'y  which  would  be  cir- 
cular or  elliptical,  according  to  the  di- 
rection of  the  object.  When  the  earth 
is  at  E,  the  object  would  be  seen  at  o; 
and  when  the  earth  is  at  e'',  it  would  be 
seen  at  o".  The  extent  of  this  apparent 
displacement  of  the  object  would  be 
measured  by  the  angle  eoe",  which  the 
diameter  e  e"  of  the  earth's  path  or  orbit 
would  subtend  at  the  object  o. 

It  has  been  stated  that,  in  general,  the 
apparent  displacement  of  a  distant  visible 
object  produced  by  any  change  in  the 
station  from  which  it  is  viewed  is  called 
PARALLAX.  That  which  is  produced  by 
the  change  of  position  due  to  the  diurnal 
motion  of  the  earth  being  called  diur- 
Fig.714.  KAL  PARALLAX,  the  Corresponding  dis- 

placement due  to  the  annual  motion  of  the  earth  is  called  the 

ANNUAL  PARALLAX. 

The  greatest  amount,  therefore,  of  the  annual  parallax  for 
any  proposed  object  is  the  angle  which  the  semidiameter  of  the 
earth's  orbit  subtends  at  such  object,  as  the  greatest  amount  of 
the  diurnal  parallax  is  the  angle  which  the  semidiameter  of  the 
earth  itself  subtends  at  the  object. 

Now,  as  the  most  satisfactory  evidence  of  the  annual  motion 
of  the  earth  would  be  the  discovery  of  this  displacement,  and 
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successive  changes  of  apparent  position  of  all  objects  on  the 
firmament  consequent  on  such  motion,  the  absence  of  any  such 
phenomenon  must  be  admitted  to  constitute,  prima  facie,  a  for- 
midable argument  against  the  earth's  motion. 

2443.  Its  effects  upon  the  bodies  of  the  solar  system  apparent, 
—  The  effects  of  annual  parallax  are  observable,  and  indeed  are 
of  considerable  amount,  in  the  case  of  all  the  bodies  composing 
the  solar  system.  The  apparent  annual  motion  of  the  sun  is 
altogether  due  to  parallax.  The  apparent  motions  of  the  planets 
and  other  bodies  composing  the  solar  system  are  the  effects  of 
parallax,  combined  with  the  real  motions  of  these  various 
bodies. 

2444.  But  erroneously  explained  by  the  ancients — Ptolemaic 
system,  —  Until  the  annual  motion  of  the  earth  was  admitted, 
these  effects  of  annual  parallax  on  the  apparent  motions  of  the 
solar  system  were  ascribed  to  a  very  complicated  system  of  real 
motions  of  these  bodies,  of  which  the  earth  was  assumed  to  be 
the  stationary  centre,  the  sun  revolving  round  it,  while  at  the  same 
time  the  planets  severally  revolved  round  the  sun  as  a  moveable 
centre.  This  hypothesis,  proposed  originally  by  Apollonius  of 
Perga,  a  Grecian  astronomer,  some  centuries  before  the  birth  of 
Christ,  received  the  name  of  the  Ptolemaic  System,  having 
been  developed  and  explained  by  Ptolemy,  an  Egyptian  astro- 
nomer who  flourished  in  the  second  century,  and  whose  work, 
entitled  "  Syntax,"  obtained  great  celebrity,  and  for  many  cen- 
turies continued  to  be  received  as  the  standard  of  astronomical 
science. 

Although  Pythagoras  had  thrown  out  the  idea  that  the  annual 
motion  of  the  sun  was  merely  apparent,  and  that  it  arose  from 
a  real  motion  of  the  earth,  the  natural  repugnancy  of  the  human 
mind  to  admit  a  supposition  so  contrary  to  received  notions 
prevented  this  happy  anticipation  of  future  and  remote  dis- 
covery from  receiving  the  attention  it  merited ;  and  Aristotle, 
less  sagacious  than  Pythagoras,  lent  the  great  weight  of  his 
authority  to  the  contrary  hypothesis,  which  was  accordingly 
adopted  universally  by  the  learned  world,  and  continued  to 
prevail,  until  it  was  overturned  in  the  middle  of  the  sixteenth 
century  by  the  celebrated  Copernicus,  who  revived  the  Pythago- 
rean hypothesis  of  the  stability  of  the  sun  and  the  motion  of 
the  earth. 

2445.  Copemican  system, — The  hypothesis  proposed  by  him 
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in  a  work  entitled  "De  Revolutionibus  Orbium  Coelestiuro," 
published  in  1643,  at  the  moment  of  his  death,  is  that  since 
known  as  the  Copernican  System,  and,  being  now  established 
upon  evidence  sufficiently  demonstrative  to  divest  it  of  its  hj- 
pothetical  character,  is  admitted  as  the  exposition  of  the  actual 
movements  by  which  that  part  of  the  universe  called  the  solar 
system  is  affected. 

2446.  Effects  of  annual  parallax  of  the  stars,  — The  greatest 
difficulty  against  which  the  Copernican  system  has  had  to 
struggle,  even  among  the  most  enlightened  of  its  opponents,  has 
been  the  absence  of  all  apparent  effects  of  parallax  among  the 
fixed  stars,  those  objects  which  are  scattered  in  such  countless 
numbers  over  every  part  of  the  firmament.  From  what  has 
been  explained,  it  will  be  perceived  that,  supposing  these  bodies 
to  be,  as  they  evidently  must  be,  placed  at  vast  distances  out- 
side the  limits  of  the  solar  system  and  in  every  imaginable 
direction  around  it,  the  effects  of  annual  parallax  would  be  to 
give  to  each  of  them  an  apparent  annual  motion  in  a  circle  or 
ellipse,  according  to  their  direction  in  relation  to  the  position  of 
the  earth  in  its  orbit,  the  ellipse  varying  in  its  eccentricity  with 
this  position,  and  the  diameter  of  the  circle  or  m^or  axis  of  the 
ellipse  being  determined  by  the  angle  which  the  diameter  e  e'' 
(Jig,  714.)  of  the  earth's  orbit  subtends  at  the  star,  being  less 
the  greater  the  distance  of  the  star,  and  vice  versA.  The  appa- 
rent position  of  the  star  in  this  circle  or  ellipse  would  be  evi- 
dently always  in  the  plane  passing  through  the  star  and  the  line 
joining  the  sun  and  earth. 

2447.  Close  resemblance  of  these  to  aberration.  —  Now,  it 
will  be  apparent,  that  such  phenomena  bear  a  very  close  resem- 
blance to  those  of  aberration  already  described  (2440.).  In 
both  the  stars  appear  to  move  annually  in  small  circles  when 
situate  90**  from  the  ecliptic ;  in  both  they  appear  to  move  in 
small  ellipses  between  that  position  and  the  ecliptic ;  in  both 
the  eccentricities  of  the  ellipses  increase  in  approaching  the 
ecliptic ;  and  in  both  the  ellipses  flatten  into  their  transverse 
axis  when  the  object  is  actually  in  the  ecliptic. 

2448.  Vet  aberration  cannot  arise  from  parallax,  —  Not- 
withstanding this  close  correspondence,  the  phenomena  of  aber- 
xation  are  utterly  incompatible  with  the  effects  of  annual 
parallax.  The  apparent  displacement  produced  by  aberration 
is  always  in  the  direction  of  the  earth's  motion,  that  is  to  say, 
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in  the  direction  of  the  tangent  to  the  earth's  orbit  at  the  point 
where  the  earth  happens  to  be  placed.  The  apparent  dbplace* 
ment  due  to  parallax  would,  on  the  contrary,  be  in  the  direction 
of  the  line  joining  the  earth  and  sun.  The  apparent  axis  of  the 
ellipse  or  diameter  of  the  circle  of  aberration  is  exactly  the  same, 
that  is  2(y''42,  for  all  the  stars ;  while  the  apparent  axis  of  the 
ellipse  or  diameter  of  the  circle  due  to  annual  parallax  would  be 
different  for  stars  at  different  distances,  and  would  vary,  in  fact, 
in  the  inverse  ratio  of  the  distance  of  the  star,  and  could  not 
therefore  be  the  same  for  all  stars  whatever,  except  on  the  sup- 
position that  all  stars  are  at  the  same  distance  from  the  solar 
system,  a  supposition  that  cannot  be  entertained. 

2449.  General  absence  of  parallax  explained  by  great  dis^ 
tance. — Since,  then,  with  two  or  three  exceptions,  which  will 
be  noticed  hereafter,  no  traces  of  the  effects  of  annual  parallax 
have  been  discovered  among  the  innumerable  fixed  stars  by 
which  the  solar  system  is  surrounded,  and  since,  nevertheless, 
the  annual  motion  of  the  earth  in  its  orbit  rests  upon  a  body  of 
evidence  and  is  supported  by  arguments  which  must  be  re- 
garded as  conclusive,  the  absence  of  parallax  can  only  be 
ascribed  to  the  fact  that  the  stars  generally  are  placed  at  dis- 
tances from  the  solar  system  compared  with  which  the  orbit 
of  the  earth  shrinks  into  a  point,  and  therefore  that  the  motion 
of  an  observer  round  this  orbit,  vast  as  it  may  seem  compared 
with  all  our  familiar  standards  of  magnitude,  produces  no 
more  apparent  di^lacement  of  a  fixed  star  than  the  motion  of 
an  animalcule  round  a  grain  of  mustard  seed  would  produce 
upon  the  apparent  direction  of  the  moon  or  sun. 

We  shall  return  to  the  subject  of  the  annual  parallax  of  the 
stars  in  a  subsequent  chapter. 

2450.  The  diurnal  and  annual  phenomena  explained  by  the 
two  motions  of  the  earth, — Considering,  then,  the  annual  re- 
volution of  the  earth,  as  well  as  its  diurnal  rotation,  established, 
it  remains  to  show  how  these  two  motions  will  explain  the 
various  phenomena  manifested  in  the  succession  of  seasons. 

While  the  earth  revolves  annually  round  the  sun,  it  has  a 
motion  of  rotation  at  the  same  time  upon  a  certain  diameter  as 
an  axis,  which  is  inclined  from  the  perpendicular  to  its  orbit  at 
an  angle  of  23°  28\  During  the  annual  motion  of  the  earth 
this  diameter  keeps  continually  parallel  to  the  same  direction, 
and  the  earth  completes  its  revolution  upon  it  in  twenty-three 
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hours  and  fifltj-six  minutes.  In  consequence  of  the  combination 
of  this  motion  of  rotation  of  the  earth  upon  its  axis  with  its 
annual  motion  round  the  sun,  we  are  supplied  with  the  alterna- 
tions of  day  and  night,  and  the  succession  of  seasons. 

When  the  globe  of  the  earth  is  in  such  a  position  that  its 
north  pole  leans  toward  the  sun,  the  greater  portion  of  its 
northern  hemisphere  is  enlightened,  and  the  greater  portion  of 
the  southern  hemisphere  is  dark.  This  position  is  represented 
in^^.  715.,  where  n  is  the  north  pole,  and  s  the  south  pole. 


Fig.  715.  Fig.  716. 

The  days  are  therefore  longer  than  the  nights  in  the  northern 
hemisphere.  The  reverse  is  the  case  with  the  southern  hemi- 
sphere, for  there  the  greater  segments  of  the  parallels  are  dark, 
and  the  lesser  segments  enlightened;  the  days  are  therefore 
shorter  than  the  nights.  Upon  the  equator,  however,  at  m,  the 
circle  of  the  earth  is  equally  divided,  and  the  days  and  nights 
are  equal.  When  the  south  pole  leans  toward  the  sun,  which 
it  does  exactly  at  the  opposite  point  of  the  earth's  annual  orbit, 
circumstances  are  reversed  :  then  the  days  are  longer  than  the 
nights  in  the  southern  hemisphere,  and  the  nights  are  longer 
than  the  days  in  the  northern  hemisphere.  At  the  intermediate 
points  of  the  earth's  annual  path,  when  the  axis  assumes  a  posi- 
tion perpendicular  to  the  direction  of  the  sun,  ^g,  716.,  then 
the  circle  of  light  and  darkness  passes  through  the  poles ;  all 
parallels  in  every  part  of  the  earth  are  equally  divided,  and 
there  is  consequently  equal  day  and  night  all  over  the  globe. 

In  the  annexed  perspective  diagram,  ^g.  717.,  these  four 
positions  of  the  earth  are  exhibited  in  such  a  manner  as  to  be 
clearly  intelligible. 

On  the  day  of  the  21st  of  June,  the  north  pole  is  turned  in 
the  direction  of  the  sun  ;  on  the  2l8t  of  December,  the  south 
pole  is  turned  in  that  direction.  On  the  days  of  the  equinoxes, 
the  axis  of  the  earth  is  at  right  angles  to  the  direction  of  the 
sun,  and  it  is  equal  day  and  night  everywhere  on  the  earth. 
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The  annual  variation  of  the  position  of  the  sun  with  reference 
to  the  equator,  or  the  changes  of  its  declination,  are  explained 


\Jkn^.9Mf 


Fig.  717. 

by  these  motions.  The  summer  solstice — the  time  when  the 
sun's  distance  from  the  equator  is  the  greatest  —  takes  place 
when  the  north  pole  leans  toward  the  sun  ;  and  the  winter 
solstice  —  or  the  time  when  the  sun's  distance  south  of  the 
equator  is  greatest  —  takes  place  when  the  south  pole  leans 
toward  the  sun. 

In  virtue  of  these  motions,  it  follows  that  the  sun  is  twice  a 
year  vertical  at  all  places  between  the  tropics ;  and  at  the 
tropics  themselves  it  is  vertical  once  a  year.  In  all  higher 
latitudes  the  point  at  which  the  sun  passes  the  meridian  daily 
alternately  approaches  to  and  recedes  from  the  zenith.  From 
the  21st  of  December  until  the  21st  of  June,  the  point  continu- 
ally approaches  the  zenith.  It  comes  nearest  to  the  zenith  on 
the  21st  of  June ;  and  from  that  day  until  the  2l8t  of  December, 
it  continually  recedes  from  the  zenith,  and  attains  its  lowest 
position  on  the  latter  day.  The  difference,  therefore,  between 
the  meridional  altitudes  of  the  sun  on  the  days  of  the  summer 
and  winter  solstices  at  all  places  will  be  twice  twenty-three 
degrees  and  twenty-eight  minutes,  or  forty-six  degrees  and  fifty- 
six  minutes.  In  all  places  beyond  the  tropics  in  the  northern 
hemisphere,  therefore,  the  sun  rises  at  noon  on  the  21st  of 
June,  forty-six  degrees  and  fifty-six  minutes  higher  than  it 
rises  on  the  21st  of  December.  These  are  the  limits  of  meri- 
dional altitude  which  determine  the  influence  of  the  sun  in 
different  places. 
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2451.  Mean  solar  or  civil  time,  — It  has  been  explained  that 
the  rotation  of  the  earth  upon  its  axis  is  rigorously  uniform,  and 
is  the  onlj  absolutely  uniform  motion  among  the  many  and 
complicated  motions  observable  on  the  heavens.  This  quality 
would  render  it  a  highly  convenient  measure  of  time,  and  it  is 
accordingly  adopted  for  that  purpose  in  all  observatories.  The 
hands  of  a  sidereal  clock  move  in  perfect  accordance  with  the 
apparent  motion  of  the  firmament. 

But  for  civil  purposes,  uniformity  of  motion  is  not  the  only 
condition  which  must  be  fulfilled  by  a  measure  of  time.  It  is 
equally  indispensable  that  the  intervals  into  which  it  divides 
duration  should  be  marked  by  conspicuous  and  universally  ob- 
servable phenomena.  Now  it  happens  that  the  intervals  into 
which  the  diurnal  revolution  of  the  heavens  divides  duration, 
are  marked  by  phenomena  which  astronomers  alone  can  witness 
and  ascertain,  but  of  which  mankind  in  general  are,  and  must 
remain,  altogether  unconscious. 

2462.  Civil  day  —  noon  and  midnight,  —  For  the  purposes 
of  common  life,  mankind  by  general  consent  has  therefore 
adopted  the  interval  between  the  successive  returns  of  the  centre 
of  the  sun's  disk  to  the  meridian,  as  the  unit  or  standard  mea« 
sure  of  time.  This  interval,  called  a  civil  day,  is  divided  into 
24  equal  parts  called  hours,  which  are  again  subdivided  into 
minutes  and  seconds  as  already  explained  in  relation  to  sidereal 
time.  The  hours  of  the  civil  day,  however,  are  not  counted 
from  0  to  24  as  in  sidereal  time,  but  are  divided  into  two  equal 
parts  of  12  hours,  one  commencing  when  the  centre  of  the  sun 
is  on  the  meridian,  the  moment  of  which  is  called  nook  or  mid* 
DAT,  and  the  other  12  hours  later  when  the  centre  of  the  sun 
must  pass  the  meridian  below  the  horizon,  the  moment  of  which 

is  MIDNIOHT. 

For  civil  purpose,  this  latter  moment  has  been  adopted  as 
the  commencement  of  one  day,  and  the  end  of  the  other. 

2453.  Difference  between  mean  solar  and  sidereal  time,  — > 
A  solar  day  is  evidently  longer  than  a  sidereal  day.  If  the  sun 
did  not  change  its  position  on  the  firmament,  its  centre  would  re- 
turn to  the  meridian  after  the  same  interval  that  elapses  between 
the  successive  transits  of  a  fixed  star.  But  since  the  sun,  as 
has  been  explained,  moves  at  the  rate  of  about  1^  per  day  from 
west  to  east,  and  since  this  motion  takes  place  upon  the  ecliptic, 
which  is  inclined  to  the  equator  at  an  angle  of  23^  28',  the  centre 
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of  the  son  increases  its  right  ascension  from  daj  to  day,  and 
this  increase  varies  according  to  its  position  on  the  ecliptic 
When  the  circle  of  declination  on  which  the  centre  of  the  sun 
is  placed  at  noon  on  one  day  returns  to  the  meridian  the  nejct 
day,  the  centre  of  the  sun  will  have  left  it,  and  will  be  found 
upon  another  circle  of  declination  to  the  east  of  it ;  and  it  will 
not  consequently  come  to  the  meridian  until  a  few  minutes  later, 
when  this  other  circle  of  declination,  by  the  diurnal  motion  of 
the  heavens,  shall  come  to  coincide  with  the  meridian. 

Hence  the  solar  day  is  longer  than  the  sidereal  day. 

2454.  Difference  between  apparent  noon  and  mean  noon.  — 
But  since,  from  the  cause  just  stated  and  another  which  will  be 
presently  explained,  the  daily  increase  of  the  sun's  right  as- 
cension is  variable,  the  diiference  between  a  sidereal  day  and 
the  interval  between  the  successive  transits  of  the  sun  is  like- 
wise variable,  and  thus  it  would  follow  that  the  solar  days  would 
be  more  or  less  unequal  in  length. 

2465.  Mean  solar  time  —  Equation  of  time.  —  Hence  has 
arisen  an  expedient  adopted  for  civil  purposes  to  efiace  this 
inequality.  An  imaginary  sun  is  conceived  to  accompany  the 
true  sun,  making  the  complete  revolution  of  the  heavens  with 
a  rigorously  uniform  increase  of  right  ascension  from  hour  to 
hour,  while  the  increase  of  right  ascension  of  the  true  sun  thus 
varies.  The  time  measured  by  the  motion  of  this  imaginary 
sun  is  called  mean  solab  time,  and  the  time  measured  by  the 
motion  of  the  true  sun  is  called  apparent  solar  time.^ 

The  difference  between  the  apparent  and  mean  solar  time  is 
called  the  **  equation  of  time.** 

The  variation  of  the  increase  of  the  sun's  right  ascension 
being  confined  within  narrow  limits,  the  true  and  imaginary 
suns  can  never  be  far  asunder,  and  consequently  the  difference 
between  mean  and  apparent  time  is  never  considerable. 

The  time  indicated  by  a  sun-dial  is  apparent  time,  that 
indicated  by  an  exactly  regulated  clock  or  watch  is  mean 
time. 

The  correction  to  be  applied  to  apparent  time,  to  reduce  it 
to  mean  time,  is  often  engraved  on  sun-dials,  where  it  is  stated 
how  much  "  the  sun  is  too  fast  or  too  slow." 

2456.  Distance  of  the  sun.  —  Although  the  problem  to  de- 
termine with  the  greatest  practicable  precision  the  distance  of 
the  sun  from  the  earth  is  attended  with  great  difficulties,  many 
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phenomena  of  easy  observation  supplj  the  means  of  ascertaining 
that  this  distance  must  bear  a  very  great  proportion  to  the 
earth's  diameter,  or  must  be  such  that,  by  comparison  with  it,  a 
line  8000  miles  in  length  is  ahnost  a  point.  If,  for  example, 
the  apparent  distance  of  the  centre  of  the  sun  from  any  fixed 
star  be  observed  simultaneously  from  two  places  upon  the  earth, 
no  matter  how  far  thej  are  apart,  no  difference  will  be  dis- 
covered between  them,  unless  means  of  observation  susceptible 
of  extraordinary  precision  be  resorted  to.  The  expedients  by 
which  the  apparent  displacement  of  the  sun's  centre  by  a  change 
of  position  of  the  observer  from  one  extremity  of  a  diameter 
of  the  earth  to  the  other,  or,  what  is  the  same,  the  apparent 
magnitude  of  the  diameter  of  the  earth  as  it  would  be  seen  from 
the  sun,  has  been  ascertained,  will  be  explained  hereafter. 
Meanwhile,  however,  it  may  be  stated  that  this  visual  angle 
amounts  to  no  more  than  17'''2,  or  about  the  hundredth 
part  of  the  apparent  diameter  of  the  sun  as  seen  from  the 
earth. 

Supplied  with  this  datum,  and  the  actual  magnitude  of  the 
diameter  of  the  earth,  we  can  calculate  the  distance  of  the  sun 
by  the  rule  explained  in  2298.  If  r  express  the  distance  of  the 
sun,  and  a  the  diameter  of  the  earth,  we  shall  have 

r=?=2^xa=11.992x«. 

It  appears,  therefore,  that  the  distance  of  the  sun  is  equal  to 
11,992  diameters  of  the  earth,  and  since  the  diameter  of  the 
earth  measures  about  7900  miles  (2389),  the  distance  of  the  sun 
must  be 

11,992  X  7900=94,736,800  miles, 

or  very  nearly  kinett-fivb  millions  op  miles. 

Since  the  mean  distance  of  the  earth  from  the  sun  has  been 
adopted  as  the  unit  or  standard,  with  reference  to  which  astro- 
nomical distances  generally  are  expressed,  it  is  of  the  highest  im- 
portance to  ascertain  its  value  with  the  greatest  precision  which 
our  means  of  observation  and  measurement  admit.  By  elaborate 
calculations,  based  upon  the  observations  made,  in  1769,  on  the 
transit  of  Venus,  it  has  accordingly  been  shown  by  Professor 
Enck6  that  when  the  earth  is  at  its  mean  distance  from  the  sun, 
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the  semidiameter  of  the  terrestrial  equator  subtends  at  the  sun 
an  angle  of  8'^'6776.  This  is  therefore  the  mean  equatorial  ho- 
rizontal parallax  of  the  sun ;  and  if  r  express  the  semidiameter 
of  the  equator,  and  d  the  mean  distance  of  the  earth  from  the 
suuy  we  shall  therefore  have 

206265  ^^^^^ 

^  =  "8^5776  ^  ^  =  ^^^^^  ^  ^' 

and  since  the  semidiameter  of  the  equator  measures  3962*8 
miles  (2389),  it  follows  that 

D  =  95,293,452. 
Since  all  the  numerical  results  of  observation  and  measurement 
are  liable  to  some  amount  of  error,  it  is  important,  when  pre- 
cision is  required,  to  know  the  limit  of  this  error,  in  order  to 
appreciate  the  extent  to  which  such  results  are  to  be  relied 
upon.  In  all  cases  this  is  possible,  a  major  and  minor  limit 
of  the  computed  or  observ^  quantity  being  assignable,  which 
cannot  be  exceeded.  In  the  present  case  the  value  of  d  cannot 
Tarj  from  the  truth  bj  more  than  its  three-hundredth  part ; 
that  is  to  saj,  the  actual  mean  distance  of  the  earth  from  the 
sun,  or  the  semiaxis  major  of  the  orbit,  cannot  be  greater  than 

95,293,452  +  117,645  =  95,411,097  miles, 
or  less  than 

95,293,452-117,645  =  95,175,807  miles. 

2457.  Linear  value  ofV^at  thesurCs  distance. — ^By  what  has 
been  explained  in  2298,  it  appears  that  the  linear  value  of  I"  at 
the  sun's  distance  is 

95,000,000^  .^^ 

206,265 

2458.  Daily  and  hourly  apparent  nwtion  of  the  sun^  and  real 
motion  of  the  earth,  —  Since  the  sun  moves  over  360®  of  the 
heavens  in  365  j^  days,  its  daily  apparent  motion  must  be  59^*14, 
or  3548",  which  being  about  twice  the  sun's  apparent  diameter,  it 
is  easy  to  remember  that  the  disk  of  the  sun  appears  to  move  in 
the  firmament  daily  over  a  space  nearly  equal  to  twice  its  own 
apparent  diameter.     Its  hourly  apparent  motion  is 

?^=147"-8. 


Digitized  by 


Google 


ANNUAL  MOTION  OF  THE  EARTH.  177 

Since  I"  at  the  sun^s  distaDce  is  equal  to  466  miles,  and  since 
the  real  orbitual  motion  is  equal  to  that  which  the  sun  would 
have  if  it  moved  round  the  earth  in  a  year,  it  follows  that  the 
daily  orbitual  motion  of  the  earth  is 

3548x466=1,653,368  miles, 

and  its  motions  per  hour,  minute,  and  second,  are 

68,890  miles  per  hour, 
1,148  miles  per  minute, 
19'1  miles  per  second. 

2459.  Orbit  of  the  earth  elliptical.  —  In  what  precedes,  we 
have  considered  the  path  of  the  earth  around  the  sun,  called  by 
astronomers  its  orbit,  to  be  a  circle,  in  the  centre  of  which  the 
centre  of  the  sun  is  placed.  This  is  nearly  true,  but  not  ex- 
actly so,  as  will  appear  from  the  following  observed  phe- 
nomena. 

Let  a  telescope  supplied  with  the  micrometric  wires  described 
in  2317,  be  directed  to  the  sun,  and  the  wires  so  adjusted  that 
they  shall  exactly  touch  the  upper  and  lower  limbs,  as  in  Jig, 
718.    Let  the  observer  then  watch  from  day  to  day  the  appear- 


m  TL  ^ 


Fig.  718.  Fig.  719.  Fig.  720. 

ance  of  the  sun  and  the  position  of  the  wires ;  he  will  find  that, 
after  a  certain  time,  the  wires  will  no  longer  touch  the  sun,  but 
will  perhaps  fall  a  little  within  it,  as  represented  in  ^g.  719. 
And  after  a  further  lapse  of  time,  he  will  find,  on  the  other 
hand,  that  they  fall  a  little  without  it,  as  in  ^g.  720. 

Now,  as  the  wires  throughout  such  a  series  of  observations 
are  maintained  always  in  the  same  position,  it  follows  that 
the  disk  of  the  sun  must  appear  smaller  at  one  time,  and  larger 
at  another — that,  in  fact,  the  apparent  magnitude  of  the  sun 
must  be  variable.  It  is  true  that  this  variation  is  confined 
within  very  small  limits,  but  still  it  is  distinctly  perceptible. 
What,  then,  it  may  be  asked,  must  be  its  cause  ?  Is  it  pos« 
sible  to  imagine  that  the  sun  really  undergoes  a  change  in  its 
size  f    This  idea  would,  under  any  circumstances,  be  absurd  ; 
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but  when  we  have  ascertained,  as  we  may  do^  that  the  change 
of  apparent  magnitude  of  the  sun  is  regular  and  periodical  — 
that  for  one  half  of  the  year  it  continually  diminishes  until  it 
attains  a  minimum,  and  then  for  the  next  half  year  it  increases 
until  it  attains  a  maximum  —  such  a  supposition  as  that  of  a 
real  periodical  change  in  the  globe  of  the  sun  becomes  altoge- 
ther incredible. 

If  then,  an  actual  change  in  the  magnitude  of  the  sun  be  im- 
possible, there  is  but  one  other  conceivable  cause  for  the  change 
in  its  apparent  magnitude — which  is,  a  corresponding  change 
in  the  earth's  distance  from  it.  If  the  earth  at  one  time  be 
more  remote  than  at  another,  the  sun  will  appear  proportionally 
smaller.  This  is  an  easy  and  obvious  explanation  of  the  changes 
of  appearance  that  are  observed,  and  it  has  been  demonstrated 
accordingly  to  be  the  true  one. 

On  examining  the  change  of  the  apparent  diameter  of  the 
sun,  it  is  found  that  it  is  least  on  the  1st  of  July,  and  greatest 
on  the  31st  of  December;  that  from  December  to  July,  it 
regularly  decreases ;  and  from  July  to  December,  it  regularly 
increases. 

Since  the  distance  of  the  earth  from  the  sun  must  increase 
in  the  same  ratio  as  the  apparent  diameter  of  the  sun  decreases, 
and  vice  ver^S  (1118),  the  variation  of  the  distance  of  the  earth 
from  the  sun  in  every  position  which  it  assumes  in  its  orbit 
can  be  exactly  ascertained.  A  plan  of  the  form  of  the  orbit 
may  therefore  be  laid  down,  having  the  point  occupied  by  the 
centre  of  the  sun  marked  in  it.  Such  a  plan  proves  on  geo- 
metric examination  to  be  an  ellipse,  the  place  of  the  sun  being 
one  of  the  foci. 

2460.  Method  of  describing  an  ellipse  —  its  foci,  axis,  and 
eccentricity.  —  If  the  ends  of  a  thread  be  attached  to  two  points 
less  distant  from  each  other  than  its  entire  length,  and  a  pencil 
be  looped  in  the  thread,  and  moved  round  the  points,  so  as  to 
k«ep  the  thread  tight,  it  will  trace  an  ellipse,  of  which  the  two 
points  are  the  foci. 

The  line  drawn  joining  the  foci,  continued  in  both  directions 
to  the  ellipse,  is  called  its  tr^nsybbse,  or  major  axis. 

Another  line,  passing  through  the  middle  point  of  this  at  nght 
angles  to  it,  is  called  its  minor  axis. 

The  middle  point  of  the  major  axis  is  called  the  centre  of 
the  ellipse. 
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The  fractional  or  decimal  number  which  expresses  the  dis- 
tance of  the  focus  fpom  the  centre,  the  semiaxis  miyor  being 
taken  as  the  unit,  is  called  the  eccentricity  of  the  ellipse. 

In  Jig.  721.,  c  is  the  centre,  s 
and  b'  the  foci,  ab  the  trans- 
verse axis. 

The  less  the  ratio  of  ss'  to  ab, 
or,  what  is  the  same,  the  less  the 
eccentricity  is,  the  more  nearly 
the  form  of  the  ellipse  approaches 
to  that  of  a  circle,  and  when  the 
foci  actually  coalesce,  the  ellipse 
Fig*  721.  becomes  an  exact  circle. 

2461.  Eccentricity  of  the  earth* 8  orbit  — The  "eccentricity  of 
the  elliptic  orbit  of  the  earth  is  so  small,  that  if  an  ellipse,  re- 
presenting truly  that  orbit,  were  drawn  upon  paper,  it  would 
be  distinguishable  from  a  circle  only  by  submitting  it  to  exact 
measnrement.  The  eccentricity  of  the  orbit  has  been  ascer- 
tained to  be  only  0-01679.  The  semiaxis  major,  or  mean  dis- 
tance, being!  0000,  the  greatest  and  least  distances  of  the  earth 
from  the  sun  will  be- 
ns =  1-0000  -h  001679  =  101679 

A  s  =  10000  —  001 679  =  0-98321. 

The  difference  between  these  extreme  distances  is,  therefore, 
only  0'0d3o8.  So  that  the  difference  between  the  greatest  and 
least  distances  does  not  amount  to  so  much  as  four  hundredths 
of  the  mean  distance. 

2462.  Perihelion  and  aphelion  of  the  earth, — The  positions 
A  and  B,  where  the  earth  is  nearest  to,  and  most  distant  from, 
the  sun,  are  called  pkrihblion  and  aphelion. 

The  positions  of  these  points  are  ascertained  by  observing 
the  places  of  the  sun  when  its  apparent  diameter  is  greatest 
and  leadt 

It  is  evident  from  what  has  been  stated  that  the  earth  is  in 
aphelion  on  1st  July,  and  in  perihelion  on  1st  January. 

Contrary  to  what  might  be  expected,  therefore,  the  earth  is 
more  distant  from  the  sun  in  summei^  than  in  winter. 

2463.  Variations  of  temperature  through  the  year. — The 
snocesaion  of  Sfnring,  summer^  autumn,  and  winter,  and  the 
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variations  of  temperature  of  the  seasons — so  far  as  these  van* 
ations  depend  on  the  position  of  the  sun-— will  now  require  to 
be  explained* 

The  influence  of  the  sun  in  heating  a  portion  of  the  eartli's 
surface,  will  depend  partly  on  its  altitude  above  the  horizon* 
The  greater  that  altitude  is,  the  more  perpendicularly  the  rays 
will  fall,  and  the  greater  will  be  their  calorific  effect. 

To  explain  this^  let  us  suppose  abcd,  fig.  722.,  to  re- 

^  present  a  beam  of  the  solar 
light ;  let  CD  represent  a  por-^ 
tion  of  the  eartli's  surface, 
upon  which  the  beam  would 
fall  perpendicularly ;  and  let 
Cfi  represent  that  portion  on 
Fig.  722.  which  it  would  fall  obliquely ; 

the  same  number  of  rays  will  strike  the  surfaces  c  d  and  c  b  ; 
but  the  surface  c  e  being  obviously  greater  than  c  d,  the  rays 
will  necessarily  fall  more  densely  on  the  latter :  and  as  the 
heating  power  must  be  in  proportion  to  the  density  of  the  rays, 
it  follows  that  c  D  will  be  heated  more  than  c  e  in  just  the  same 
proportion  as  c  e  is  greater  than  c  i^  But  if  we  would  compare 
two  surfaces  on  neither  of  which  the  sun's  rays  fall  perpen- 
dicularly, let  us  take  c  s  and  c  f.  They  fall  on  c  e  with  more 
obliquity  than  on  c  f  ;  but  c  E  is  evidently  greater  than  c  f,^ 
and  therefore  the  rays,  being  diffused  over  a  larger  surface,  are 
less  dense,  and  therefore  less  effective  in  heating. 

The  calorific  efiect  of  the  sun's  rays  on  a  surface  more 
oblique  to  their  direction  than  another  will  then  be  propor- 
tionably  less. 

If  the  sun  be  in  the  zenith,  its  rays  will  strike  the  surface 
perpendicularly,  and  the  heating  efiect  will  therefore  be  greater 
than  when  the  sun  is  in  any  other  position. 

The  greater  the  altitude  to  which  the  sun  rises,  the  less 
obliquely  will  be  the  direction  in  which  its  rays  will  strike  the 
surface  at  noon,  and  the  more  effective  will  be  their  heating 
power.  So  far,  then,  as  the  heating  power  depends  on  the 
altitude  of  the  sun,  it  will  be  increased  with  every  increase  of 
its  meridian  altitude* 

Hence  it  is  that  the  heat  of  summer  increases  as  we  approach 
the  equator*  The  lower  the  latitude  is,  the  greater  will  be  the 
height  to  which  the  sun  will  rise,.    The  meridian  altitude  of 
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the  SUB  at  the  summer  solstice  being  everywhere  outside  the 
tropics  fortj-six  degrees  and  fifty-six  minutes  more  than  at  the 
winter  solstice,  the  heating  effect  will  be  proportionately  greater* 

But  this  is  not  the  only  cause  which  produces  the  greatly 
superior  heat  of  summer  as  compared  with  winter,  especially  in 
the  higher  latitudes.  The  heating  effect  of  the  sun  depends  not 
alone  on  its  altitude  at  midday ;  it  also  depends  on  the  length  of 
time  which  it  is  above  the  horizon  and  below  it.  While  the 
sun  is  above  the  horizon,  it  is  continually  imparting  heat  to  the 
air  and  to  the  surface  of  the  earth  ;  and  while  it  is  below  the 
horizon,  the  heat  is  continually  being  dissipated.  The  longer, 
therefore,— other  things  being  the  same, — the  sun  is  above  the 
horizon,  and  the  shorter  time  it  is  below  it,  the  greater  will  be 
the  amount  of  heat  imparted  to  the  earth  every  twenty-four 
hours.  Let  us  suppose  that  between  sunrise  and  sunset,  the 
sun,  by  its  calorific  effect,  imparts  a  certain  amount  of  heat  to 
the  atmosphere  and  the  surface  of  the  earth,  and  that  from 
sunset  to  sunrise  a  certain  amount  of  this  heat  is  lost :  the 
result  of  the  action  of  the  sun  will  be  found  by  deducting  the 
latter  from  the  former. 

Thus,  then,  it  appears  that  the  influence  of  the  sun  upon  the 
seasons  depends  as  much  upon  the  length  of  the  days  and  nights 
as  upon  its  altitude ;  but  it  so  happens  that  one  of  these  cir- 
cumstances depends  upon  the  other.  The  greater  the  sun's 
meridional  altitude  is,  the  longer  will  be  the  days,  and  the 
shorter  the  nights;  and  the  less  it  is,  the  longer  will  be  the 
nights,  and  the  shorter  the  days.  Thus  both  circumstances 
flwfijs  conspire  in  producing  the  increased  temperature  of 
summer,  and  the  diminished  temperature  of  winter. 

2464.  fFhy  the  longest  day  is  not  cUso  the  hottest — The  dog* 
days, — ^A  difficulty  is  sometimes  felt  when  the  operation  of  these 
causes  is  considered,  in  understanding  how  it  happens  that, 
notwithstanding  what  has  been  stated,  the  21st  of  June — when 
the  sun  rises  the  highest,  when  the  days  are  longest  and  the 
nights  shortest --« is  not  the  hottest  day,  but  that,  on  the  con- 
trary, the  dog-days,  as  they  are  called,  which  comprise  the 
hottest  weather  of  the  year,  occur  in  August ;  and  in  the  same 
manner,  the  21st  of  December — when  the  height  to  which 
the  sun  rises  is  leasts  the  days  shortest,  and  the  nights  longest 
—-is  not  usually  the  coldest  day,  but  that,  on  the  other  hand, 
the  most  inclement  weather  occurs  at  a  later  period* 
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To  explain  this,  so  far  as  it  depends  on  the  position  of  the 
sun  and  the  length  of  the  days  and  nights,  we  are  to  consider 
the  following  circamstances : — 

As  midsummer  approaches,  the  gradual  increase  of  the  tem- 
perature of  the  W6^er  has  been  explained  thus :  The  days 
being  considerabij  longer  than  the  nights,  the  quantity  of  heat 
imparted  by  the  sun  during  the  day  is  greater  than  the  quan- 
tity lost  during  the  night;  and  the  entire  result  daring  the 
twenty-four  hours  gives  an  increase  of  heat.  As  this  aug- 
mentation takes  place  after  each  successive  day  and  night, 
the  general  temperature  continues  to  increase.  On  the  21st 
of  June,  when  the  day  is  longest,  and  the  night  is  sliortest, 
and  the  sun  rises  highest,  this  augmentation  reaches  its  maxi- 
mum ;  but  the  temperature  of  the  weather  does  not  therefore 
cease  to  increase.  After  the  2l8t  of  June,  there  continues  to 
be  still  a  daily  augmentation  of  heat,  for  the  sun  still  continues 
to  impart  more  heat  during  the  day  than  is  lost  during  the 
night.  The  temperature  of  the  weather  will  therefore  only 
cease  to  increase  when,  by  the  diminished  length  of  the  day,  the 
increased  length  of  the  night^,  nnd  the  diminished  meridional 
altitude  of  the  sun,  the  heat  imparted  during  the  day  is  just 
balanced  by  the  heat  lost  during  the  night  There  will  be, 
then,  no  further  increase  of  temperature^  and  the  heat  of  the 
weather  will  have  attained  its  maximum. 

But  it  might  occur  to  a  superficial  observer,  that  this  reason- 
ing would  lead  to  the  conclusion  that  the  weather  would  con- 
tinue to  increase  in  its  temperature,  until  the  length  of  the 
days  would  become  equal  to  the  length  of  the  nights ;  and  sue!) 
would  be  the  case,  if  the  loss  of  heat  per  hour  during  the  night 
were  equal  to  that  gain  of  heat  per  hour  during  the  day.  But 
such  is  not  the  case;  the  loss  is  more  rapid  than  the  gain, 
and  the  consequence  is,  that  the  hottest  day  usually  comes 
within  the  month  of  July,  but  always  long  before  the  day  of 
the  autumnal  equinox. 

The  same  reasoning  will  explain  why  the  coldest  weather 
does  not  usually  occur  on  the  21  st  of  December,  when  the  day 
is  shortest  and  the  night  longest,  and  when  the  sun  attains  the 
lowest  meridional  altitude.  The  decrease  of  the  temperature 
of  the  weather  depends  upon  the  loss  of  heat  during  the  night 
being  greater  than  thB  gain  during  the  day ;  and  untily  by  the 
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increased  length  of  the  day  and  the  diminished  length  of  the 
night,  these  effects  are  balanced,  the  coldest  weather  wiil  not 
be  attained. 

These  obsenrations  must  be  understood  as  applying  only  so 
Ut  as  the  temperature  of  the  weather  is  affected  by  the  sun, 
and  by  the  length  of  the  days  and  nights.  There  are  a  variety 
of  other  local  and  geographical  causes  which  interfere  with 
these  effects,  and  vary  them  at  different  times  and  places. 

On  referring  to  the  annual  motion  of  the  earth  round  the 
sun,  it  appears  that  the  position  of  the  sun  within  the  elliptic 
orbit  of  the  earth  is  sach  that  the  earth  is  nearest  to  the  sun 
about  the  1st  of  January,  and  roost  distant  from  it  about  the 
1st  of  July.  As  the  calorific  power  of  the  sun's  rays  increases 
as  the  distance  from  the  earth  diminishes,  in  even  a  higher 
proportion  than  the  change  of  distances,  it  might  be  expected 
that  the  effect  of  the  sun  in  heating  the  earth  on  the  1st  of 
January  would  be  considerably  greater  than  on  the  Ist  of  July. 
If  this  were  admitted,  it  would  follow  that  the  annual  motion 
of  the  earth  in  its  elliptic  orbit  would  have  a  tendency  to 
diminish  the  cold  of  the  winter  in  the  northern  hemisphere, 
and  mitigate  the  heat  of  summer,  so  as  to  a  certain  extent  to 
equalise  the  seasons;  and,  on  the  contrary,  in  the  southern 
hemisphere,  where  the  1st  of  January  is  in  the  middle  of  sum- 
mer and  the  1st  of  July  the  middle  of  winter,  its  effects 
would  be  to  aggravate  the  cold  in  winter  and  the  heat  in  sum- 
mer. The  investigations,  however,  which  have  been  made  in 
the  physics  of  heat,  have  shown  that  that  principle  is  governed 
by  laws  which  counteract  such  effects.  Like  the  operation  of 
all  other  physical  agencies,  the  sun's  calorific  power  requires  a 
definite  time  to  produce  a  given  effect,  and  the  beat  received 
by  the  earth  at  any  part  of  its  orbit  will  depend  conjointly  on 
its  distance  from  the  sun  and  the  length  of  time  it  takes  to 
traverse  that  portion  of  its  orbit.  In  fact,  it  has  been  ascer- 
tained that  the  heating  power  depends  as  much  on  the  rate  at 
which  the  sun  changes  its  longitude  as  upon  the  earth's  distance 
from  it.  Now  it  happens  that,  in  consequence  of  the  laws  of 
the  planetary  motions,  discovered  by  Kepler,  and  explained  by 
Newton,  when  the  earth  is  most  remote  from  the  sun,  its  ve- 
locity is  least,  and  consequently  the  hourly  changes  of  longitude 
of  the  sun  will  be  proportionally  less.     Thus  it  appears  that 
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what  the  heating  power  loses  by  augmented  distance,  it  gaind 
bj  diminished  velocity ;  and  again,  when  the  earth  is  nearest  to 
the  son,  what  it  gains  by  diminished  distance,  it  loses  by  in- 
creased speed.  There  is  thus  a  complete  compensation  produced 
in  the  heating  effect  of  the  sun,  by  the  diminished  velocity  of 
the  earth  which  accompanies  its  increased  distance* 

This  period  of  the  year,  during  which  the  heat  of  the  weather 
is  usually  most  intense,  was  called  the  canicular  days,  or 
DOG  DATS.  These  days  were  generally  reckoned  as  forty, 
commencing  about  the  drd  of  July,  and  received  their  name 
from  the  fact,  that  in  ancient  times  the  bright  star  Sirius,  in 
the  constellation  of  Canis  major,  or  the  great  dog,  at  that  time 
rose  a  little  before  the  sun,  and  it  was  to  the  sinister  influence 
of  this  star  that  were  ascribed  tlie  bad  effects  of  the  inclement 
heat,  and  especially  the  prevalence  of  madness  among  the 
canine  race.  Owing  to  a  cause  which  will  be  explained  here- 
after (the  precession  of  the  equinoxes),  this  star  no  longer  rises 
with  the  sun  during  the  hot  season. 


CHAP.  DL 

THE  MOON. 


2465.  The  moon  an  object  of  popular  interest, — Although  it  be 
in  mere  magnitude,  and  physically  considered,  one  of  the  most 
insignificant  bodies  of  the  solar  system,  yet  for  various  reasons 
the  MOON  has  always  been  regarded  by  mankind  with  feelings 
of  profound  interest,  and  has  been  invested  by  the  popular 
mind  with  various  influences,  affecting  not  only  the  physical 
condition  of  the  globe,  but  also  the  phenomena  of  the  organised 
world.  It  has  been  as  much  an  object  of  popular  superstition 
as  of  scientific  observation.  These  circumstances  doubtless  are 
in  some  degree  owing  to  its  striking  appearance  in  the  firma- 
ment, to  the  various  changes  of  form  to  which  it  is  subject, 
and  above  all  to  its  proximity  to  the  earth,  and  the  close 
alliance  existing  between  it  and  our  planet 

2466.  Its  distance.  —  The  distance  of  the  moon  is  computed, 
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by  the  method  explained  in  2328,  bj  first  ascertaining  its 
horizontal  parallax. 

Let  £  and  e^  fig.  723.,  be  the  opposite 
^  ends  of  a  diameter  of  the  earth,  and  let  m 
be  the  place  of  the  moon's  centre.  Let  s 
be  any  conspicuous  star  seen  near  the  moon 
in  the  heavens,  in  the  plane  of  the  points 
E,  e'^  and  X.  The  apparent  distance  of 
this  star  from  the  moon's  centre  is  s«  to 
an  observer  at  £,  and  it  is  %fl  to  an  ob- 
server at  b'.  The  difference  of  these  dis- 
tances i's  is  the  arc  of  the  heavens  which 
measures  the  angle  sms'  or,  what  is  the 
same,  the  angle  eme',  under  which  the 
diameter  ee^  of  the  earth  would  be  seen 
from  the  moon. 

Now  the  arcs  s«  and  s^  can  be  and 
have  been  measured,  and  their  mean  differ- 
ence S9'  has  been  ascertained  to  be  1 14^  12'' 
=  6852^',  subject  to  a  slight  variation 
from  a  cause  which  will  presently  be  ex- 
plained. 

It  appears,  from  what  has  been  ex- 
plained in  2327,  that  half  the  angle  bme^ 
is  the  moon's  horizontal  parallax,  which  is 
therefore  57' 6"  =3426''. 

The  moon's  distance    therefore,    com^^ 


puted 


Fig.  723.  me  moons 

by  the  formula  explained  in  2328,  is 
206265 , 


K£  = 


3425 


:xr  =  60-2xr. 


It  follows,  therefore,  that  the  moon's  distance  is  about  thirty 
times  the  earth's  diameter ;  and  since  the  value  of  the  latter 
is  7900  miles,  the  moon's  distance  is 

7900  X  30  =  237,000  miles, 
or,  as  appears  by  more  exact  computation,  237,630  miles. 

2467.  Zdnear  value  of  V  on  it.  —  Having  thus  ascertained 
the  moon's  distance,  we  are  enabled,  by  the  method  explained 
in  2319,  to  ascertain  the  actual  length  measured  transversely  to 
the  line  of  vision  on  the  moon  which  corresponds  to  the  visual 
angle  of  V\    This  length  is 
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-P|P;=M5mile. 
206265 

By  this  formula  any  space  upon  the  moon,  measured  by  its 
visual  angle,  can  be  reduced  to  its  actual  linear  value,  provided 
its  direction  be  at  right  angles  to  the  visual  ray,  which  it  will 
be  if  it  be  at  the  centre  of  the  lunar  disk.  If  it  be  between  the 
centre  and  the  edges  it  will  be  foreshortened  by  the  obliquity 
of  the  moon's  surface  to  the  line  of  vision,  and,  consequently, 
the  linear  value  thus  computed  will  be  the  real  linear  value 
diminished  by  projection,  which,  however,  can  be  easily  allowed 
for  so  that  the  true  linear  value  can  be  obtained  for  every  part 
of  the  lunar  disk. 

2468.  Its  apparent  and  real  diameter.  —  The  apparent  dia- 
meter of  the  moon  is  subject  to  a  slight  variation,  owing  to  a 
corresponding  variation  due  to  the  small  ellipticity  of  its  orbit. 
Its  mean  value  is  found  to  be  31'  7"  or  1867". 

By  what  has  just  been  established  (2392),  therefore,  its  real 
diameter  must  be 

1867  X  1-15  =  2147  mUes. 
More  exact  methods  give  2153  miles. 

Since  the  superficial  magnitude  of  spheres  is  as  the  squares, 
and  their  volume  or  solid  bulk  as  the  cubes,  of  their  diameters, 
it  follows  that  the  superficial  extent  of  the  moon  is  about  the 
fourteenth  part  of  the  surface,  and  its  volume  about  the  forty- 
ninth  part  of  the  bulk,  of  our  globe. 

2469.  Apparent  and  real  motion. — The  moon,  like  the  sun, 
appears  to  move  upou  the  celestial  sphere  in  a  direction  con« 
trary  to  that  of  the  diurnal  motion.  Its  apparent  path  is  a  great 
circle  of  the  sphere,  inclined  to  the  ecliptic  at  an  angle  of  about 
50  Q/  4g//^     j^  completes  its  revolution  of  the  heavens  in  27^* 

yh.  44mf 

This  apparent  motion  is  explained  by  a  real  motion  of  the 
moon  round  the  earth  at  the  mean  distance  above  mentioned, 
and  in  the  time  in  which  the  apparent  revolution  is  completed. 

2470.  Hourly  motion^  apparent  and  real —  Since  the  time 
taken  by  the  moon  to  make  a  complete  revolution,  or  360°  of 
the  heavens,  is  27*^*  7^'  44"*  or  655^*73,  it  follows,  that  her 
mean  apparent  motion  per  day  is  13**  10'  35",  and  per  hour  is 
32'  42'^,  which  is  a  little  more  than  her  mean  apparent  diameter. 
The  rate  of  the  moon's  apparent  motion  on  the  firmament  may 


Digitized  by 


Google 


THE  MOON.  187 

therefore  be  remembered  bj  the  fact,  that  she  moves  over  the 
length  of  her  own  apparent  diameter  in  an  hour. 

Since  the  linear  valae  of  I"  at  the  moon's  distance  is  1*15 
mile,  the  linear  valae  of  V  is  6*9  miles,  and,  consequently,  the 
real  motion  of  the  moon  per  hour  in  her  orbit,  is 

6-9  X  32-9  =  227  miles. 

Her  orbitual  motion  is  therefore  at  the  rate  of  3*8  miles  per 
minute. 

2471.  Orbit  elliptical. —  Although  in  its  general  form  and 
character,  the  path  of  the  moon  round  the  earth  is,  like  the 
orbits  of  the  planets  and  satellites,  circular,  jet  when  submitted 
to  accurate  observation,  we  find  that  it  is  strictly  an  ellipse  or 
oval,  the  centre  of  the  earth  occupying  one  of  its  focL  This 
fact  can  be  ascertained  by  immediate  observation  upon  the  ap- 
parent magnitude  of  the  moon.  It  will  be  easily  comprehended 
that  any  change  which  the  apparent  magnitude,  as  seen  from 
the  earth,  undergoes,  must  arise  from  corresponding  changes  in 
the  moon's  distance  from  us.  Thus,  if  at  one  time  the  disk  of 
the  moon  appears  larger  than  at  another  time,  as  it  cannot  be 
supposed  that  the  actual  size  of  the  moon  itself  could  be  changed, 
we  can  only  ascribe  the  increase  of  the  apparent  magnitude  to 
the  diminution  of  its  distance.  Now  we  find  by  observation 
that  such  apparent  changes  are  actually  observed  in  its  monthly 
eourse  around  the  earth.  The  moon  is  subject  to  a  small 
though  perceptible  variation  of  apparent  size.  We  find  that  it 
diminishes  until  it  reaches  a  minimum,  and  then  gradually  in- 
creases until  it  reaches  a  maximum. 

When  the  apparent  magnitude  is  least,  it  is  at  its  greatest 
distance,  and  when  greatest,  at  its  least  distance.  The  positions 
in  which  these  distances  lie  are  directly  opposite.  Between 
these  two  positions  the  apparent  size  of  the  moon  undergoes  a 
regular  and  gradual  change,  increasing  continually  from  its  mi- 
nimum to  its  maximum,  and  consequently  between  these  posi- 
tions its  distance  must  gradually  diminish  from  its  maximum 
to  its  minimum.  If  we  lay  down  on  a  chart  or  plan  a  delineation 
of  the  course  or  path  thus  determined,  we  shall  find  that  it  will 
represent  an  oval,  which  difiers  however  very  little  from  a 
circle ;  the  place  of  the  earth  being  nearer  to  one  end  of  the 
oval  than  the  other. 

2472.  MoorCs  apsides  —  apogee  and  perigee  — progression  of 
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the  apsides.  —  The  point  of  the  moon's  path  in  the  heavens  at 
which  its  magnitude  appears  the  greatest,  and  when,  therefore,^ 
it  is  nearest  the  earth,  is  called  its  perigee  ;  and  the  point  where 
its  apparent  size  is  least,  and  where,  therefore,  its  distance  fronk 
the  earth  is  greatest,  is  called  its  apogee.  These  two  points  are 
called  the  mootCs  apsides. 

If  the  positions  of  these  points  in  the  heavens  be  observed 
accaratelj  for  a  length  of  time,  it  will  be  found  that  they  are 
subject  to  a  regular  change  ;  that  is  to  say,  the  place  where  the 
moon  appears  smallest  will  every  month  shift  its  position  ;  and 
a  corresponding  change  will  take  place  in  the  point  where  it 
appears  largest.  The  movement  of  these  points  in  the  heavens 
is  found  to  be  in  the  same  direction  as  the  general  movement  of 
the  planets ;  that  is,  from  west  to  east,  or  progressive.  This 
phenomenon  is  called  the  progression  of  thb  moon's  ap- 
sides. 

The  rate  of  this  progression  of  the  moon's  apsides  is  40°  68' 
in  a  tropical  or  common  year,  being  equivalent  to  6'  4V^  per 
day.  They  consequently  make  a  complete  revolution  in  8-85 
years. 

2473,  MoofCs  nodes  —  ascending  and  descending  node — their 
retrogression.  —  If  the  position  of  the  moon's  centre  in  the 
heavens  be  observed  from  day  to  day,  it  will  be  found  that  its 
apparent  path  is  a  great  circle,  making  an  angle  of  about  5° 
with  the  ecliptic.  This  path  consequently  crosses  the  ecliptic 
at  two  points  in  opposite  quarters  of  the  heavens.  These  points 
are  called  the  moorCs  nodes.  Their  positions  are  ascertained 
by  observing  from  time  to  time  the  distance  of  the  moon's  centre 
from  the  ecliptic,  which  is  the  moon's  latitude ;  by  watching  its 
gradual  diminution,  and  finding  the  point  at  which  it  becomes 
nothing ;  the  moon's  centre  is  then  in  the  ecliptic,  and  its  posi- 
tion is  the  node.  The  node  at  which  the  moon  passes  from 
the  south  to  the  north  of  the  ecliptic  is  called  the  ascending  node^ 
and  that  at  which  it  passes  from  the  north  to  the  south  is 
called  the  descending  note. 

These  points,  like  the  apsides,  are  subject  to  a  small  change 
of  position,  but  in  a  retrogade  direction.  They  make  a  com- 
plete revolution  of  the  ecliptic  in  a  direction  contrary  to  the 
motion  of  the  sun  in  18*6  years,  being  at  the  rate  of  3'  10''*6 
per  day. 

2474.  Rotation  on  its  axis — While  the  moon  moves  round  the 
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earth  thus  in  its  monthly  course,  we  find,  by  observations  of  its 
appearance,  made  even  without  the  aid  of  telescopes,  that  the 
same  hemisphere  is  always  turned  towards  us.  We  recognise 
this  fact  by  observing  that  the  same  marks  are  always  seen  in 
the  same  positions  upon  it.  Now  in  order  that  a  globe  which 
revolves  in  a  circle  around  a  centre  should  turn  continually  the 
same  hemisphere  toward  that  centre,  it  is  necessary  that  it 
should  make  one  revolution  upon  its  axis  in  the  time  it  takes  so 
to  revolve.  For  let  us  suppose  that  the  globe,  in  any  one  posi- 
tion, has  the  centre  round  which  it  revolves  north  of  it,  the 
hemisphere  turned  toward  the  centre  is  turned  toward  the  north. 
After  it  makes  a  quarter  of  a  revolution,  the  centre  is  to  the  east 
of  it,  and  the  hemisphere  which  was  previously  turned  to  the 
north  must  now  be  turned  to  the  east.  After  it  has  made  another 
quarter  of  a  revolution  the  centre  will  be  south  of  it,  and  it  must 
be  now  turned  to  the  south.  In  the  same  manner,  after  another 
quarter  of  a  revolution,  it  must  be  turned  to  the  west.  As  the 
same  hemisphere  is  successively  turned  to  all  the  points  of  the 
compass  in  one  revolution,  it  is  evident  that  the  globe  itself 
must  make  a  single  revolution  on  its  axis  in  that  time. 

It  appears,  then,  that  the  rotation  of  the  moon  upon  its  axis, 
4>eing  equal  to  that  of  its  revolution  in  its  orbit,  is  27**'  7^'  44™' 
or  655^'  44"**  The  intervals  of  light  and  darkness  to  the  inha* 
^itants  of  the  moon,  if  there  were  any,  would  then  be  altogether 
different  from  those  provided  in  the  planets;  there  would  be 
«bout  327  *»•  52^'  of  continued  light  alternately  with  327  *»*  52  »• 
of  continued  darkness;  the  analogy,  then,  which,  as  will  hereafW 
appear,  prevails  among  the  planets  with  regard  to  days  and 
nights,  and  which  forms  a  main  argument  in  favour  of  the  con- 
elusion  that  they  are  inhabited  globes  like  the  earth,  does  not 
hold  good  in  the  case  of  the  moon. 

2475.  Inclination  of  axis  of  rotation, — Although  as  a  general 
proposition  it  be  true  that  the  same  hemisphere  of  the  moon  is 
always  turned  toward  the  earth,  yet  there  are  small  variations  at 
the  edge  called  librations,  which  it  is  necessary  to  notice.  The 
axis  of  the  moon  is  not  exactly  perpendicular  to  its  orbit,  but  is 
inclined  at  the  small  angle  of  P  ZQf  W'%.  By  reason  of  this  in* 
clination,  the  northern  and  southern  poles  of  the  moon  lean  alter- 
jiately  in  a  slight  degree  to  and  from  the  earth. 

2476.  Libration  in  latitude, — When  the   north   pole  leans 
-towards  the  earth,  we  see  a  little  more  of  that  region,  and  a  little 
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less  when  it  leans  the  contrary  way.  This  variation  in  the 
northern  and  southern  regions  of  the  moon  visible  to  us,  is 
called  the  libration  in  latitude. 

2477.  Libration  in  longitude.  —  In  order  that  in  a  strict 
sense  the  same  hemisphere  should  be  continually  turned  to- 
ward the  earth,  the  time  of  rotation  upon  its  axis  must  not  only 
be  equal  the  time  of  rotation  in  its  orbit,  which  in  fact  it  is,  but 
its  angular  velocity  on  its  axis  in  every  part  of  its  course,  must 
be  exactly  equal  to  its  angular  velocity  in  its  orbit.  Now  it  hap- 
pens that  while  its  angular  velocity  on  its  axis  is  rigorously 
uniform  throughout  the  month,  its  angular  velocity  in  its  orbit 
is  subject  to  a  slight  variation ;  the  consequence  of  this  is  that 
a  little  moi*e  of  its  eastern  or  western  edge  is  seen  at  one  time 
than  at  another.     This  is  called  the  libration  in  lonqitddb. 

2478.  Diurnal  libration. — By  the  diurnal  motion  of  the 
earth,  we  are  carried  with  it  round  its  axis ;  the  stations  from 
which  we  view  the  moon  in  the  morning  and  evening,  or  rather 
when  it  rises  and  when  it  sets,  are  then  different  according  to 
the  latitude  of  the  earth  in  which  we  are  placed.  By  thus 
viewing  it  from  different  places,  we  see  it  under  slighUy  dif- 
ferent aspects.  This  is  another  cause  of  a  variation,  which  we  see 
in  its  eastern  and  western  edges  ;  this  is  called  the  diurnal 
libration. 

2479.  Phases  of  the  moon. — While  the  moon  revolves  round 
the  earth,  its  illuminated  hemisphere  is  always  presented  to  the 
sun;  it  therefore  takes  various  positions  in  reference  to  the 
earth.    In  Jig.  724.  the  effects  of  this  are  exhibited.     Let  es 
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represent  the  direction  of  the  sun,  and  e  the  earth  ;  when  the 
moon  is  at  n,  between  the  sun  and  the  earth,  its  illuminated 
hemisphere  being  turned  toward  the  sun,  its  dark  hemisphere 
will  be  presented  toward  the  earth ;  it  will  therefore  be  invi- 
sible.    In  this  position  the  moon  is  said  to  be  in  conjunction. 

When  it  moves  to  the  position  c,  the  enlightened  hemisphere 
being  still  presented  to  the  sun,  a  small  portion  of  it  onlj 
is  turned  to  the  earth,  and  it  appears  as  a  thin  crescent,  as 
represented  at  c. 

When  the  moon  takes  the  position  of  Q,  at  right  angles  to  the 
sun,  it  is  said  to  be  in  quadbatube  ;  one  half  of  the  enlightened 
hemisphere  only  is  then  presented  to  the  earth,  and  the  moon 
appears  halved,  as  represented  at  q. 

When  it  arrives  at  the  position  o,  the  greater  part  of  the 
enlightened  portion  is  turned  to  the  earth,  and  it  is  gibbous, 
appearing  as  represented  at  g. 

When  the  moon  comes  in  opposition  to  the  sun,  as  seen  at  f, 
the  enlightened  hemisphere  is  turned  full  toward  the  earth,  and 
the  moon  will  appear  full  as  at  f^  unless  it  be  obscured  hj  the 
earth's  shadow,  which  rarely  happens.  In  the  same  manner  it 
is  shown  that  at  g'  it  is  again  gibbous ;  at  Q^  it  is  halved,  and  at 
</  it  is  a  crescent. 

When  the  moon  is  full,  being  in  opposition  to  the  sun,  it  will 
secessarily  be  in  the  meridian  at  midnight,  and  will  rise  as  the 
sun  sets,  and  set  as  the  sun  rises ;  and  thus,  whenever  the  en* 
lightened  hemisphere  is  turned  toward  us,  and  when,  therefore, 
it  is  the  most  capable  of  benefiting  us,  it  is  up  in  the  firmament 
all  night ;  whereas,  when  it  is  in  conjunction,  as  at  n,  and  the 
dark  hemisphere  is  turned  toward  us,  it  would  then  be  of  no  use 
to  us,  and  is  accordingly  up  during  the  day.  The  position  at  q 
is  called  the  **  first  quarter,**  and  at  q'  the  "  last  quarter."  The 
position  at  0  is  called  the  first  octant ;  o  the  second  octant ;  a' 
the  third  octant ;  and  &  the  fourth  octant.  At  the  first  and 
fourth  octants  it  is  a  crescent,  and  at  the  second  and  third 
octants  it  is  gibbous. 

2480. — Synodic  period  or  common  month, — The  apparent 
motion  of  the  moon  in  the  heavens  is  much  more  rapid  than  that 
of  the  sun ;  for  while  the  sun  makes  a  complete  circuit  of  the 
ecliptic  in  366*25  days,  and  therefore  moves  over  it  at  about  6V 
per  day,  the  moon  moves  at  the  rate  of  13°  lO^  3o^^  (2470)  per  day. 
As  the  sun  and  moon  appear  to  move  in  the  same  direction  in  the 
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firmament,  both  proceediDg  from  west  to  east,  the  moon  wiU,  after 
conjuDction,  depart  from  the  sun  toward  the  east  at  the  rate  of 
about  VZ^  9'  per  day.  If  then,  the  moon  be  in  conjunction  with 
the  sun  on  any  given  day,  it  will  be  12°  9'  east  of  it  at  the  same 
time  on  the  following  day ;  24^  18'  east  of  it  after  two  days,  and  so 
on.  If,  then,  the  sun  set  with  the  moon  on  any  evening,  it  will, 
at  the  moment  of  sunset  on  the  following  evenings  be  12^  9'  east  of 
it,  and  at  sunset  will  appear  as  a  thin  crescent,  at  a  considerable 
altitude ;  on  the  succeeding  day  it  will  be  24°  18'  east  of  the  sun, 
and  will  be  at  a  still  greater  altitude  at  sunset,  and  will  be  a 
broader  crescent.  After  seven  days,  the  moon  will  be  removed 
nearly  90^  from  the  sun ;  it  will  be  at  or  near  the  meridian  at 
sunset.  It  will  remain  in  the  heavens  for  about  six  hours  after 
sunset,  and  will  be  seen  in  the  west  as  the  half-moon.  Each 
successive  evening  increasing  its  distance  from  the  sun,  and  also 
increasing  its  breadth,  it  will  be  visible  in  the  meridian  at  a 
later  hour,  and  will  consequently  be  longer  apparent  in  the 
firmament  during  the  night — it  will  then  be  gibbous.  After 
about  fifteen  days,  it  will  be  180°  removed  from  the  sun,  and 
will  be  full,  and  consequently  will  rise  when  the  sun  sets,  and 
set  when  the  sun  rises — being  visible  the  entire  night.  After 
the  lapse  of  about  twenty-two  days,  the  distance  of  the  mooa 
from  the  sun  being  about  270°,  it  will  not  reach  the  meridian 
until  nearly  the  hour  of  sunrise ;  it  will  then  be  visible  during 
the  last  six  hours  of  the  night  only.  The  moon  will  then  be 
waning,  and  toward  the  close  of  the  month  will  only  be  seen  in 
the  morning  before  sunrise,  and  will  appear  as  a  crescent. 

If  the  earth  and  sun  were  both  stationary  while  the  moon 
revolves  round  the  former,  the  period  of  the  phases  would  be 
the  same  as  the  period  of  the  moon.  But  from  what  has  been 
explained,  it  will  be  evident  that  while  the  moon  makes  its 
apparent  revolution  of  the  heavens  in  about  27'd  days,  the  sun 
advances  through  somewhat  more  than  27°  of  the  heavens,  in 
the  same  direction.  Before  the  moon  can  reassume  the  same 
phase,  it  must  have  the  same  position  relative  to  the  sun,  and 
must,  therefore,  overtake  it.  But  since  it  moves  at  the  rate 
of  about  1°  in  two  hours,  it  will  take  more  than  two  days  to 
move  over  27°.  Hence  the  synodic  period^  or  lunar  month,  or 
the  interval  between  two  successive  conjunctions,  is  about  two 
days  longer  than  the  sidereal  period  of  our  satellite. 
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The  exact  length  of  the  sjnodic  period  is  29<*'  12^*  14°*- 
2«'87,  or  29-53059  mean  solar  days* 

2481.  Mass  and  density.  —  The  methods  by  which  the  mass 
or  weight  of  the  moon  has  been  ascertained  will  be  explained 
hereafter ;  meanwhile  it  may  be  stated  here  that  the  result  of 
the  most  recent  solutions  of  this  problem,  by  various  me- 
thods and  on  different  data,  proves  that  the  mass  or  quantity 
of  matter  composing  the  globe  of  the  moon,  is  a  little  more  than 
the  90th  part  of  the  mass  of  the  earth ;  or,  more  exactly,  if  the 
mass  of  the  earth  consist  of  a  million  of  equal  parts,  the  mass 
of  the  moon  will  be  equal  to  11,399  of  these  parts. 

.  Since  the  volume  or  bulk  of  the  moon  is  about  the  50th  part 
of  that  of  the  earth,  while  its  mass  or  weight  is  little  more  than 
the  90th  part  of  that  of  the  earth,  it  follows  that  its  mean 
density  must  be  little  more  than  half  the  density  of  the  eartb, 
and  therefore  (2393.)  about  2*83  times  that  of  water. 

2482.  No  air  upon  the  moon.  —  In  order  to  determine 
whether  or  not  the  globe  of  the  moon  is  surrounded  with  any 
gaseous  envelope  like  the  atmosphere  of  the  earth,  it  is  neces- 
sary first  to  consider  what  appearances  such  an  appendage 
would  present,  seen  at  the  moon's  distance,  and  whether  any 
such  appearances  are  discoverable. 

According  to  ordinary  and  popular  notions,  it  is  difficult  to 
separate  the  idea  of  an  atmosphere  from  the  existence  of  clouds ; 
yet  to  produce  clouds  something  more  is  necessary  than  air. 
The  presence  of  water  is  indispensable,  and  if  it  be  assumed 
that  no  water  exist,  then  certainly  the  absence  of  clouds  is  no 
proof  of  the  absence  of  an  atmosphere.  Be  this  as  it  may, 
however,  it  is  certain  that  there  are  no  clouds  upon  the  moon, 
for  if  there  were,  we  should  immediately  discover  them,  by  the 
variable  lights  and  shadows  they  would  produce.  If  there  is, 
then,  an  atmosphere  upon  the  moon,  it  is  one  entirely  unaccom- 
panied by  clouds. 

One  of  the  effects  produced  by  a  distant  view  of  an  atmo- 
sphere surrounding  a  globe,  one  hemisphere  of  which  is  illu- 
minated by  the  sun,  is,  that  the  boundary,  or  line  of  sepa- 
ration between  the  hemisphere  enlightened  by  the  sun  and 
the  dark  hemisphere,  is  not  sudden  and  sharply  defined,  but 
is  gradual  —  the  light  fading  away  by  slow  degrees  into  the 
darkness. 
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It  is  to  this  effect  upon  the  globe  of  the  earth  that  twilight  ^ 

iit  owing,  and  as  we  shall  see  hereafter,  sach  a  gradual  fading 
away  of  the  sun's  light  is  discoverable  on  some  of  the  planets, 
upon  which  an  atmosphere  is  observed. 

Now,  if  such  an  effect  of  an  atmosphere  were  produced  upon 
the  moon,  it  would  be  perceived  bj  the  naked  eye,  and  still 
more  distinctly  with  the  telescope.  When  the  moon  appears  as 
a  crescent,  its  concave  edge  is  the  boundary  which  separates 
the  enlightened  from  the  dark  hemisphere.  When  it  is  in  the 
quarters,  the  diameter  of  the  semicircle  is  also  that  boundary. 
In  neither  of  these  cases,  however,  do  we  ever  discover  the 
slightest  indication  of  any  such  appearance  as  that  which  h2i3 
just  been  described.  There  is  no  gradual  fading  away  of  the 
light  into  the  darkness ;  on  the  contrary,  the  boundary,  though 
serrated  and  irregular,  is  nevertheless  perfectly  well  defined  and 
sudden. 

All  the^e  circumstances  conspire  to  prove  that  there  does  not 
exist  upon  the  moon  an  atmosphere  capable  of  reflecting  light 
in  any  sensible  degree. 

2483.  Absence  of  air  indicated  by  absence  of  refraction,  -^ 
But  it  may  be  contended  that  an  atmosphere  may  still  exist, 
though  too  attenuated  to  produce  a  sensible  twilight  Astro- 
nomers, however,  have  resorted  to  another  test  of  a  much  more 
decisive  and  delicate  kind,  the  nature  of  which  will  be  under* 
stood  by  explaining  a  simple  principle  of  optics. 

Let  mm' y  fig,  725.,  represent  the  disk  of  the  moon.     Let  aa* 


Fig.  725. 

represent  the  atmosphere  which  surrounds  it.  Let  sme  and 
sm'  e  represent  two  lines  touching  the  moon  at  m  and  m\  and 
proceeding  towards  the  earth.  Let  «  «  be  two  stars  seen  in  the 
direction  of  these  lines.  If  the  moon  had  no  atmosphere,  these 
stars  would  appear  to  touch  the  edge  of  the  moon  at  m  and  m\ 
because    the  rays   of  light   from    them  would  pass  directly 
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towards  the  earth ;  but  if  the  moon  have  an  atmosphere, 
then  that  atmosphere  will  possess  the  property  which  is  com- 
mon to  all  transparent  media  of  refracting  light,  and,  in 
virtue  of  such  property,  stars  in  such  positions  as  sf  i!y  be- 
hind the  edge  of  the  moon,  would  be  visible  at  the  earth,  for 
the  ray  /m,  B'm\  in  passing  through  the  atmosphere,  would  be 
bent  at  an  angle  in  the  direction  md^  and  in  like  manner  the 
ray  f^mf  would  be  bent  at  the  angle  ml  e'—  so  that  the  stars  tf  f! 
would  be  visible  at  e'e\  notwithstanding  the  interposition  of 
the  edges  of  the  moon. 

This  reasoning  leads  to  the  conclusion  that  as  the  moon  moves 
over  the  face  of  the  firmament,  stars  will  be  continually  visible 
at  its  edge  which  are  really  behind  it  if  it  have  an  atmosphere, 
and  the  extent  to  which  this  effect  will  take  place  will  be  in 
proportion  to  the  density  of  the  atmosphere. 

The  magnitude  and  motion  of  the  moon  and  the  relative 
positions  of  the  stars  are  so  accurately  known  that  nothing  is 
more  easy,  certain,  and  precise,  than  the  observations  which 
may  be  made  with  the  view  of  ascertaining  whether  any  stars 
are  ever  seen  which  are  sensibly  behind  the  edge  of  the  moon. 
Such  observations  have  been  made,  and  no  such  effect  has  ever 
been  detected.  This  species  of  observation  is  susceptible  of 
such  extreme  accuracy,  that  it  is  certain  that  if  an  atmosphere 
existed  upon  the  moon  a  thousand  times  less  dense  than  our 
own,  its  presence  must  be  detected. 

Bessel  has  calculated  that  if  the  difference  between  the  ap. 
parent  diameter  of  the  moon,  and  the  arc  of  the  firmament 
moved  over  by  the  moon's  centre  during  the  occultation  of  a 
star,  centrically  occulted,  were  admitted  to  amount  to  so  much 
as  2'\  and  allowing  for  the  possible  effect  of  mountains,  by 
which  the  edge  of  the  disk  is  serrated,  taking  these  at  the  ex« 
treme  height  of  24,000  feet,  the  density  of  the  lunar  atmos- 
phere, whose  refraction  would  produce  such  an  effect,  would 
not  exceed  the  968th  part  of  the  density  of  the  earth's  atmos- 
phere, supposing  the  two  fluids  to  be  similarly  constituted.  Nor 
would  this  conclusion  be  materially  modified  by  any  supposition 
of  an  atmosphere  composed  of  gases  different  from  the  consti- 
tuents of  the  earth's  atmosphere. 

The  earth's  atmosphere  supports  a  column  of  30  inches  of 
mercury :  an  atmosphere  1000  times  less  dense  would  support 
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a  column  of  three-tenths  of  an  inch  only.  We  may  therefore 
consider  it  as  an  established  fact,  that  no  atmosphere  exists  on 
the  moon  having  a  density  even  as  great  as  that  which  remains 
under  the  receiver  of  the  most  perfect  air-pamp,  after  that 
instrument  has  withdrawn  from  it  the  air  to  the  utmost  extent 
of  its  power. 

If  further  proofs  of  the  nonexistence  of  a  lunar  atmosphere 
were  required,  Sir  J.  Herschel  indicates  several  which  are  found 
in  the  phenomena  of  eclipses.  In  a  solar  eclipse  the  existence 
of  an  atmosphere  having  any  sensible  refraction,  would  enable 
us  to  trace  the  limb  of  the  moon  beyond  the  cusps  externally  to 
the  sun's  disk,  by  a  narrow  but  brilliant  line  of  light  extending 
to  some  distance  along  its  edge.  No  such  phenomenon  has, 
however,  been  seen. 

If  there  were  any  appreciable  quantity  of  vapour  suspended 
over  the  moon's  surface,  very  faint  stars  ought  to  disappear 
behind  it  before  the  moment  of  their  occultation  by  the  inter- 
position of  the  moon's  edge.  Such,  however,  is  not  the  case. 
When  occulted  at  the  enlightened  edge  of  the  lunar  disk,  the 
light  of  the  moon  overpowers  them  and  renders  them  invisible, 
and  even  at  the  dark  edge  the  glare  in  the  sky,  caused  by  the 
proximity  of  the  enlightened  part  of  the  disk,  renders  the  occul- 
tation of  extremely  minute  stars  incapable  of  observation.  But 
these  obstacles  are  removed  in  the  case  of  total  solar  eclipses, 
on  which  occasions  stars,  so  faint  as  to  be  only  seen  by  the  aid 
of  a  telescope,  come  up  close  to  the  limb  without  any  sensible 
diminution  of  their  brightness,  and  undergo  an  extinction  as 
instantaneous  as  the  largest  and  brightest  by  the  interposition 
of  the  moon's  limb. 

2484.  Moonlight  not  sensibly  calorific.  —  It  has  long  been  an 
object  of  inquiry  whether  the  light  of  the  moon  has  any  heat, 
but  the  most  delicate  experiments  and  observations  have  failed 
to  detect  this  property  in  it  The  light  of  the  moon  was  col- 
lected into  the  focus  of  a  concave  mirror  of  such  magnitude  as 
would  have  been  sufficient,  if  exposed  to  the  sun's  light,  to  eva- 
porate gold  or  platinum.  The  bulb  of  a  differential  thermo- 
meter, sensitive  enough  to  show  a  change  of  temperature 
amounting  to  the  500th  part  of  a  degree,  was  placed  in  its 
focus  so  as  to  receive  upon  it  the  concentrated  rays.  Yet  no 
sensible  effect  was  produced.  We  must,  therefore,  conclude 
that  the  light  of  the  moon  does  not  possess  the  calorific  property 
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in  any  sensible  degree.  But  if  the  rajs  of  the  moon  be  not 
warm,  the  vulgar  impression  that  they  are  cold  is  equally  erro- 
neons.  We  have  seen  that  they  produce  no  effect  either  way 
on  the  thermometer. 

2485.  No  liquids  on  tiie  moon.  —  The  same  physical  tests 
which  show  the  nonexistence  of  an  atmosphere  of  air  upon  the 
moon  are  equally  conclusive  against  an  atmosphere  of  vapour. 
It  might,  therefore,  be  inferred  that  no  liquids  can  exist  on  the 
moon's  surface,  since  they  would  be  subject  to  evaporation. 
Sir  John  Herschel,  however,  ingeniously  suggests  that  the  non- 
existence of  vapour  is  not  conclusive  against  evaporation.  One 
hemisphere  of  the  moon  being  exposed  continuously  for  328 
hours  to  the  glare  of  sunshine  of  an  intensity  greater  than  a 
tropical  noon,  because  of  the  absence  of  an  atmosphere  and  clouds 
to  mitigate  it,  while  the  other  is  for  an  equal  interval  exposed 
to  a  cold  far  more  rigorous  than  that  which  prevails  on  the 
summits  of  the  loftiest  mountains  or  in  the  polar  region,  the 
consequence  would  be  the  immediate  evaporation  of  all  liquids 
which  might  happen  to  exist  on  the  one  hemisphere,  and  the 
instantaneous  condensation  and  congelation  of  the  vapour  on 
the  other.  The  vapour  would,  in  short,  be  no  sooner  formed 
on  the  enlightened  hemisphere  than  it  would  rush  to  the 
vacuum  over  the  dark  hemisphere,  where  it  would  be  instantly 
condensed  and  congealed,  an  effect  which  Herschel  aptly  illus- 
trates by  the  familiar  experiment  of  the  crtophorous.  The 
consequence,  as  he  observes,  of  this  state  of  things  would  be  abso- 
lute aridity  below  the  vertical  sun,  constant  accretion  of  hoar  frost 
in  the  opposite  region,  and  perhaps  a  narrow  zone  of  running 
water  at  the  borders  of  the  enlightened  hemisphere.  He  conjec- 
tures that  this  rapid  alternation  of  evaporation  and  condensation 
may  to  some  extent  preserve  an  equilibrium  of  temperature,  and 
mitigate  the  severity  of  both  the  diurnal  and  nocturnal  condi- 
tions of  the  surface.  He  admits  nevertheless  that  such  a  sup- 
position could  only  be  compatible  with  the  tests  of  the  absence 
of  a  transparent  atmosphere  even  of  vapour  within  extremely 
narrow  limits ;  and  it  remains  to  be  seen  whether  the  general 
physical  condition  of  the  lunar  surface  as  disclosed  by  the  tele- 
scope be  not  more  compatible  with  the  supposition  of  the  total 
absence  of  all  liquid  whatever. 

It  appears  to  have  escaped  the  attention  of  those  who  assume 
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the  possibility  of  the  existence  of  water  in  the  liquid  state  on 
the  moon,  that,  in  the  absence  of  an  atmosphere,  the  temperature 
must  necessarily  be,  not  only  far  below  the  point  of  congelation 
of  water,  but  even  that  of  most  other  known  liquids.  Even 
within  the  tropics,  and  under  the  line  with  a  vertical  sun,  the 
height  of  the  snow  line  does  not  exceed  16,000  feet  (2187),  and 
nevertheless  at  that  elevation,  and  still  higher,  there  prevails 
an  atmosphere  capable  of  supporting  a  considerable  column  of 
mercury.  At  somewhat  greater  elevations,  but  still  in  an  at- 
mosphere of  very  sensible  density,  mercury  is  congealed. 
Analogy,  therefore,  justifies  the  inference  that  the  total,  or 
nearly  total,  absence  of  air  upon  the  moon  is  altogether  in- 
compatible with  the  existence  of  water,  or  probably  any 
other  body  in  the  liquid  state,  and  necessarily  infers  a  tem- 
perature altogether  ineompatible  with  the  existence  of  orga- 
nised beings  in  any  respect  analogous  to  those  which  inhabit 
the  earth. 

But  another  conclusive  evidence  of  the  nonexistence  of 
liquids  on  the  moon  is  found  in  the  form  of  its  surface,  which 
exhibits  none  of  those  well  understood  appearances  which  re- 
sult from  the  long-continued  action  of  water.  The  mountain 
formations  with  which  the  entire  visible  surface  is  covered  are, 
as  will  presently  appear,  universally  so  abrupt,  precipitous,  and 
unchangeable,  as  to  be  utterly  incompatible  with  the  presence 
of  liquids. 

2486.  Absence  of  air  deprives  solar  light  and  heat  of  their 
utility.  —  The  absence  of  air  also  prevents  the  diffusion  of  the 
solar  light.-  It  has  been  already  shown  (923)  that  the  general 
diffusion  of  the  sun's  light  upon  the  earth  is  mainly  due  to  the 
reflection  and  refraction  of  the  atmosphere,  and  to  the  light  re- 
jected by  the  clouds  ;  and  that  without  such  means  of  diffusion 
the  solar  light  would  only  illuminate  those  places  into  which  its 
rays  would  directly  penetrate.  Every  place  not  in  full  sunshine, 
or  exposed  to  some  illuminated  surface,  would  be  involved  in 
the  most  pitchy  darkness.  The  sky  at  noon- day  would  be  in- 
tensely black,  for  the  beautiful  azure  of  our  firmament  in  the 
day-time  is  due  to  the  reflected  colour  of  the  air. 

Thus  it  appears  that  the  absence  of  air  must  deprive  the 
sun's  illuminating  and  heating  agency  of  nearly  all  its  utility^ 
If  no  diffusion  of  light  and  no  retention  and  accumulation  of 
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heat,  such  as  an  atmosphere  supplies,  prevail,  it  is  impossible 
to  conceive  the  existence  and  maintenance  of  an  organised  world 
having  any  analogy  to  the  earth. 

2487.  As  seen  from  the  moony  appearance  of  the  earth  and 
the  firmament,  —  If  the  moon  were  inhabited,  observers  placed 
upon  it  would  witness  celestial  phenomena  of  a  singular  de- 
scription, differing  in  many  respects  from  those  presented  to  the 
inhabitants  of  our  globe.  The  heavens  would  be  perpetually 
serene  and  cloudless.  The  stars  and  planets  would  shine  with 
extraordinary  splendour  during  the  long  night  of  328  hours. 
The  inclination  of  her  axis  being  only  5®,  there  would  be  no 
sensible  changes  of  season.  The  year  would  consist  of  one 
unbroken  monotony  of  equinox.  The  inhabitants  of  one  hemi-  • 
sphere  would  never  see  the  earth ;  while  the  inhabitants  of  the 
other  would  have  it  constantly  in  their  firmament  by  day  and 
by  night,  and  always  in  the  same  position.  To  those  who  in- 
habit the  central  part  of  the  hemisphere  presented  to  us,  the 
earth  would  appear  stationary  in  the  zenith,  and  would  never 
leave  it,  never  rising  nor  setting,  nor  in  any  degree  changing 
its  position  in  relation  to  the  zenith  or  horizon.  To  those  who 
inhabit  places  intermediate  between  the  central  part  of  that 
hemisphere  and  those  places  which  are  at  the  edge  of  the 
moon's  disk,  the  earth  would  appear  at  a  fixed  and  invariable 
distance  from  the  zenith,  and  also  at  a  fixed  and  invariable 
azimuth,  the  distance  from  the  zenith  being  everywhere  equal 
to  the  distance  of  the  observer  from  the  middle  point  of  the 
hemisphere  presented  to  the  earth.  To  an  observer  at 
any  of  the  places  which  are  at  the  edge  of  the  lunar  disk, 
the  earth  would  appear  perpetually  in  a  fixed  direction  on  the 
horizon. 

The  earth  shone  upon  by  the  sun  would  appear  as  the  moon 
does  to  us ;  but  with  a  disk  having  an  apparent  diameter  greater 
than  that  of  the  moon  in  the  ratio  of  79  to  21,  and  an  apparent 
superficial  magnitude  about  fourteen  times  greater,  and  it  would 
consequently  have  a  proportionately  illuminating  power. 

Earth  light  at  the  moon  would,  in  fine,  be  about  fourteen  times 
more  intense  than  moonlight  at  the  earth.  The  earth  would 
go  through  the  same  phases  and  complete  the  series  of  them  in 
the  same  period  as  that  which  regulates  the  succession  of  the 
lunar  phases,  but  the  corresponding  phases  would  be  separated 
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by  the  interval  of  half  a  month.  When  the  moon  ia  full  to  the 
earth,  the  earth  is  new  to  the  moon,  and  vice  versd :  when  the 
moon  is  a  crescent,  the  earth  is  gibbous,  and  vice  versd. 

The  features  of  light  and  shade  would  not,  as  on  the  moon, 
be  all  permanent  and  invariable.  So  far  as  they  would  arise 
from  the  clouds  floating  in  the  terrestrial  atmosphere,  they 
would  be  variable.  Nevertheless,  their  arrangement  would 
have  a  certain  relation  to  the  equator,  owing  to  the  effect  of 
the  prevailing  atmospheric  currents  parallel  to  the  line.*  This 
cause  would  produce  streaks  of  light  and  shade,  the  general 
direction  of  which  would  be  at  right  angles  to  the  earth's  axis, 
and  the  appearance  of  which  would  be  in  all  respects  similar  to 
the  BELTS  which,  as  will  appear  hereafter^  are  observed  upon 
some  of  the  planets,  and  which  are  ascribed  to  a  like  physical 
cause. 

Through  the  openings  of  the  clouds  the  permanent  geographi- 
cal features  of  the  surface  of  the  earth  would  be  apparent,  and 
would  probably  exhibit  a  variety  of  tints  according  to  the  pre- 
vailing characters  of  the  soil,  as  is  observed  to  be  the  case  with 
the  planet  Mars  even  at  an  immensely  greater  distance.  The 
rotation  of  the  earth  upon  its  axis  would  be  distinctly  observed 
and  its  time  ascertained.  The  continents  and  seas  would  be 
seen  to  disappear  in  succession  at  one  side  and  to  reappear  at  the 
other,  and  to  pass  across  the  disk  of  the  earth  as  carried  round 
by  the  diurnal  rotation. 

2488.  fVht/  the  full  disk  of  the  moon  is  faintly  visible  at 
new  moon.  —  Soon  after  conjunction,  when  the  moon  appears  as 
a  thin  crescent,  but  is  so  removed  from  the  sun  as  to  be  seen  at  a 
sufficient  altitude  after  sunset,  the  entire  lunar  disk  appears  faintly 
illuminated  within  the  horns  of  the  crescent  This  phenomenon 
is  explained  by  the  effect  of  the  earth  shining  upon  the  moon 
and  illuminating  it  by  reflected  light  as  the  moon  illuminates 
the  earth,  but  with  a  degree  of  intensity  greater  in  the  ratio  of 
about  14  to  1,  According  to  what  has  just  been  explained,  the 
earth  appears  to  the  moon  nearly  full  at  the  time  when  the  moon 
appears  to  the  earth  as  a  thin  crescent,  and  it  therefore  receives 
then  the  strongest  possible  illumination.  As  the  lunar  crescent 
increases  in  breadth,  the  phase  of  the  earth  as  seen  from  the 
moon  becomes  less  and  less  full,  and  the  intensity  of  the  illu-» 

*  See  Chapter  on  the  tides  and  trade  winds. 


Digitized  by 


Google 


THE  MOON.  201 

mination  is  proportionately  diminished.  Hence  we  find,  that  as 
the  lunar  crescent  passes  gradnally  to  the  quarter,  the  comple- 
ment of  the  lunar  disk  becomes  gradually  more  faintly  visible, 
and  soon  disappears  altogether. 

2489.  Physical  condition  cf  the  moon's  surface.  —  If  we 
examine  the  moon  carefully,  even  without  the  aid  of  a  telescope, 
we  shall  discover  upon  it  distinct  and  definite  lineaments  of 
light  and  shadow.  These  features  never  change  ;  there  they 
remain,  always  in  the  same  position  upon  the  visible  orb  of  the 
moon.  Thus  the  features  that  occupy  its  centre  now  have 
occupied  the  same  position  throughout  all  human  record.  We 
have  already  stated  that  the  first  and  most  obvious  inference 
which  this  fact  suggests,  is  that  the  same  hemisphere  of  the 
moon  is  always  presented  toward  the  earth,  and  consequently, 
the  other  hemisphere  is  never  seen.  This  singular  characteristic 
which  attaches  to  the  motion  of  the  moon  round  the  earth,  seems 
to  be  a  general  characteristic  of  all  other  moons  in  the  system. 
Sir  William  Herschel,  by  the  aid  of  his  powerful  telescopes, 
observed  indications  which  render  it  probable  that  the  moons  of 
Jupiter  revolve  in  the  same  manner,  each  presenting  continually 
the  same  hemisphere  to  the  planet  The  cause  of  this  peculiar 
motion  has  been  attempted  to  be  explained  by  the  hypothesis 
that  the  hemisphere  of  the  satellite  which  is  turned  toward  the 
planet,  is  very  elongated  and  protuberant,  and  it  is  the  excess 
of  its  weight  which  makes  it  tend  to  direct  itself  always  toward 
the  primary,  in  obedience  to  the  universal  principle  of  attrac- 
tion. Be  this  as  it  may,  the  efi*ect  is,  that  our  selenographical 
knowledge  is  necessarily  limited  to  that  hemisphere  which  is 
turned  toward  us. 

But  what  is  the  condition  and  character  of  the  surface  of  the 
moon  ?  What  are  the  lineaments  of  light  and  shade  which  we 
see  upon  it  ?  There  is  no  object  9utside  the  earth  with  which 
the  telescope  has  afforded  us  such  minute  and  satisfactory  in- 
formation. 

If,  when  the  moon  is  a  crescent,  we  examine  with  a  telescope, 
even  of  moderate  power,  the  concave  boundary,  which  is  that 
part  of  the  surface  where  the  enlightened  hemisphere  ends  and 
the  dark  hemisphere  begins,  we  shall  find  that  this  boundary  is 
not  an  even  and  regular  curve,  which  it  undoubtedly  would  be 
if  the  surface  were  smooth  and  regular,  or  nearly  so.     If,  for 
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example,  the  lunar  surface  resembled  in  its  general  character- 
istics that  of  our  globe,  supposing  that  the  entire  surface  is 
land,  having  the  general  characteristics  of  the  continents  of  the 
earth,  the  inner  boundarj  of  the  lunar  crescent  would  still  be 
a  regular  curve  broken  or  interrupted  only  at  particular  points. 
Where  great  mountain  ranges,  like  those  of  the  Alps,  the  Andes, 
or  the  Himalaja,  might  chance  to  cross  it,  these  loftj  peaks 
%vould  project  vastlj  elongated  shadows  along  the  adjacent  plain ; 
for  it  will  be  remembered  that,  being  situated,  at  the  moment 
in  question,  at  the  boundary  of  the  enlightened  and  darkened 
hemispheres,  the  shadows  would  be  those  of  evening  or  mom* 
ing  ;  which  are  prodigiously  longer  than  the  objects  themselves. 
The  eflect  of  these  would  be  to  cause  gaps  or  irregularities  in 
the  general  outline  of  the  inner  boundary  of  the  crescent.  With 
these  rare  exceptions,  the  inner  boundary  of  the  crescent  pro-* 
duced  by  a  globe  like  the  earth  would  be  an  even  and  regular 
curve. 

Such,  however,  is  not  the  case  with  the  inner  boundary  of 
tho  lunar  crescent,  even  when  viewed  by  the  naked  eye,  and 
still  less  so  when  magnified  by  a  telescope. 

It  is  found,  on  the  contrary,  rugged  and  serrated,  and  bril- 
liantly illuminated  points  are  seen  in  the  dark  pai*ts  at  some 
distance  from  it,  while  dark  shadows  of  considerable  length 
appear  to  break  into  the  illuminated  surface.  The  inequalities 
thus  apparent  indicate  singular  characteristics  of  the  surface. 
The  bright  points  seen  within  the  dark  hemisphere  are  the 
peaks  of  lofty  mountains  tinged  with  the  sun's  light.  They  are 
in  the  condition  with  which  all  travellers  in  Alpine  countries 
are  familiar ;  after  the  sun  has  set,  and  darkness  has  set  in  over 
the  valleys  at  the  foot  of  the  chain,  the  sun  still  continues  to 
illuminate  the  peaks  above. 

The  sketch  of  the  lunar  crescent  given  in^^.  726.  will  illus- 
trate these  observations. 

The  visible  hemisphere  of  our  satellite  has,  within  the  last 
quarter  of  a  century,  been  subjected  to  the  most  rigorous  exami- 
nation which  unwearied  industry,  aided  by  the  vast  improve- 
ment which  has  been  effected  in  the  instruments  of  telescopic 
observation,  rendered  possible;  and  it  is  no  exaggeration  now 
to  state  that  we  possess  a  chart  of  that  hemisphere  which  in 
accuracy  of  detail  far  exceeds  any  similar  representation  of  the 
earth*s  surface. 
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Among  the  selenographical  observers  the  Prussian  astrono- 
mers, MM.  Beer  and  Madler, 
stand  pre-eminent.  Their  de- 
scriptive work  entitled  Der 
Monde  contains  the  most  com- 
plete collection  of  observations 
on  the  physical  condition  of 
our  satellite,  and  the  chart,  mea- 
suring 37  inches  in  diameter, 
exhibits  tbe  most  complete  re- 
presentation of  the  lunar  sur- 
face extant.  Besides  this  great 
work,  a  selenographic  chart  was 
produced  by  Mr.  Bussell,  from 
observations  made  with  a  seven- 
foot  reflector,  a  similar  delinea- 
tion by  Lohrmann,  and,  in  fine. 
Fig.  726,  a  very  complete  model  in  relief 

of   the  visible   hemisphere   by 
Madame  Witte,  an  Hanoverian  Lady. 

To  convey  to  the  student  any  precise  or  complete  idea  of  the 
mass  of  information  collected  by  the  researches  and  labours  of 
these  eminent  observers,  would  be  altogether  incompatible  with 
the  necessary  limits  of  a  work  like  that  which  we  have  under- 
taken. We  shall  therefore  confine  ourselves  to  a  selection  from 
some  of  the  most  remarkable  results  of  those  works,  aided  by 
the  telescopic  chart  of  the  south-eastern  quadrant  of  the  moon's 
disk,  given  in  Plate  I.,  wbich  has  been  reduced  from  the  great 
chart  of  Beer  and  Madler,  the  scale  being  exactly  one  half  of 
that  of  the  original. 

2490.  General  Description  op  the  Moon's  Surface. 

(a)  Description  of  the  chart,  Plate  L  —  The  entire  surface  of  the  visible 
hemisphere  of  the  moon  is  thickly  covered  with  mountainous  masses  and 
ranges  of  various  forms,  magnitudes,  and  heights,  in  which,  however,  the 
prevalence  of  a  circular  or  crater-like  form  is  conspicuous.  The  mere  in- 
spection of  the  chart  of  the  S.  E.  quadrant,  Plate  L,  will  render  this  evident; 
and  the  other  three  quadrants  of  the  disk  do  not  differ  from  this  in  their 
general  character.* 

*  It  must  be  observed  that  the  chart  represents  the  moon*s  disk  as  it  is 
seen  on  the  south  meridian  in  an  astronomical  telescope.  As  that  instru- 
ment produces  an  inverted  image,  the  south  pole  appears  at  the  highest  and 
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(6)  Cauaea  of  the  Hntt  of  white  and  gray  on  the  mooiCe  disk, — The  varioas 
tints  of  white  and  graj  which  mark  the  lineaments  observed  upon  the  disk 
of  the  full  moon  arise  partly  ftx)m  the  different  reflecting  powers  of  the 
matter  composing  different  parts  of  the  lonar  surface,  and  partly  from  the 
different  angles  at  which  the  rays  of  the  solar  light  are  incident  upon  them. 
If  the  surface  of  the  lunar  hemisphere  were  uniformly  level,  or  nearly  so, 
these  angles  of  incidence  would  be  determined  by  the  position  of  each  point 
with  relation  to  the  centre  of  the  illuminated  hemisphere  ;  and,  in  that  case, 
the  tints  would  be  more  regular  and  would  rary  in  relation  principally  to 
the  centre  of  the  disk ;  but,  owing  to  the  great  inequalities  of  level,  and 
the  vast  and  complicated  mountainous  masses  which  project  from  every  part 
of  the  surface,  and  the  great  depths  of  the  cavities  and  plains  which  are  sur- 
rounded  by  the  circular  mountain  ranges,  the  angles  of  incidence  of  the 
solar  rajTS  are  subject  to  extreme  and  irregular  variation,  which  produce 
those  lineaments  and  forms  tinted  with  various  shades  of  gray  and  white 
with  which  every  eye  is  familiar. 

(c)  Shadows  vimble  oidy  in  the  phages — (hey  suppiy  measures  of  heights  and 
depths, — When  the  moon  is  full  no  shadows  upon  it  can  be  seen,  because, 
in  that  position,  the  visual  ray  coinciding  with  the  luminous  ray,  each  object 
is  directly  interposed  between  the  observer  and  its  shadow.  As  the  phases 
progress,  however,  the  shadows  gradually  come  into  view,  because  the  visual 
ray  is  inclined  at  a  gradually  increasing  angle  to  the  solar  ray,  and,  in  the 
quarters,  this  angle  having  increased  to  90^,  and  the  boundaiy  of  the  en- 
lightened hemisphere  being  then  in  the  centre  of  the  hemisphere  presented 
to  the  observer,  the  position  is  most  favourable  for  the  observation  of  the 
shadows  by  which  chiefly,  not  only  the  forms  and  dispositions  of  the  moun^* 
tainous  masses  and  the  intervening  and  enclosed  valleys  and  ravines  are 
ascertained,  but  their  heights  and  depths  are  measured.  This  latter  problem 
is  solved  by  the  well-understood  principles  of  geometrical  projection  when 
the  directions  of  the  visual  and  solar  rays,  the  position  of  the  object,  and 
of  the  surface  on  which  the  shadows  are  projected,  are  severally  given. 

the  north  pole  at  the  lowest  point  of  the  disk,  and  the  eastern  limit  is  on 
the  right  and  the  western  on  the  left  of  the  observer,  all  of  which  positions 
are  the  reverse  of  those  which  the  same  points  have  when  viewed  without  a 
telescope,  or  with  one  which  does  not  invert.  The  longitudes  are  measured 
east  and  west  of  the  meridian  which  bisects  the  visible  disk.  The  original 
chart  is  engraved  in  four  separate  sheets,  each  representing  a  quadrant  of 
the  visible  hemisphere.  The  names  of  the  various  selenographical  regions 
and  more  prominent  mountains  are  indicated  on  the  chart,  and  have  been 
taken  generally  from  those  of  eminent  scientific  men.  The  meridians  drawn 
on  the  chart  divide  the  surface  into  sones,  each  of  which  measures  five  de- 
grees of  longitude,  and  the  parallels  to  the  equator  divide  it  into  zones, 
having  each  the  width  of  five  degrees  of  latitude.  The  moon*s  diameter 
being  less  than  that  of  the  earth  in  the  ratio  of  100  to  1 82,  a  degree  of  lunar 
latitude  is  less  than  60  geographical  miles  in  the  same  proportion,  and  is, 
therefore,  equal  to  33  geographical  miles.  This  supplies  a  scale  by  which 
the  magnitudes  on  the  chart,  Plate  L,  may  be  approximately  estimated. 
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(d)  Uni/orm  patches^  called  oceans^  teas,  ^c,  proved  to  be  irregular  land 
surface,  —  Uniform  patches  of  greater  or  less  extent,  each  having  an  uniform 
gray  tint  more  or  less  dark,  having  heen  supposed,  hy  early  observers,  to  be 
large  collections  of  water,  were  designated  by  the  names,  Ogeanus,  Mabb, 
Palub,  Lacub,  Sinus,  &c.  These  names  are  still  retained,  but  the  increased 
power  of  the  telescope  has  proved  that  such  regions  are  diversified,  like  the 
rest  of  the  lunar  sur£Eu:e,  by  inequalities  and  undulations  of  permanent  foftns, 
and  are  therefore  not,  as  was  imagined,  water  or  other  liquid.  They  differ  from 
other  regions  only  in  the  magnitude  of  the  mountain  masses  which  prevail 
upon  them.  About  two-thirds  of  the  visible  hemisphere  of  the  moon  con- 
sists of  this  character  of  surface.  Examples  of  these  are  presented  by  the 
Hare  Kubinm,  Oceanus  Frocellarum,  Mare  Humorum,  &c.,  on  the  chart. 

(e)  Whiter  tpoU^  mountains,  —  The  more  intensely  white  parts  are  moun- 
tains of  various  magnitude  and  form,  whose  height,  relatively  to  the  moon's 
magnitude,  greatly  exceeds  that  of  ,the  most  stupendous  terrestrial  emi- 
nences; and  there  are  many,  characterised  by  an  abruptness  and  steepness 
which  sometimes  assume  the  position  of  a  vast  vertical  wall,  altogether 
without  example  upon  the  earth.  These  are  generally  disposed  in  broad 
masses,  lying  in  close  contiguity,  and  intersected  with  vast  and  deep  valleys, 
gullies,  and  abysses,  none  of  which,  however,  have  any  of  the  characters 
which  betray  the  agency  of  water. 

(/)  Claase*  of  circular  mountain  ranges. — Circular  ranges  of  mountains 
which,  were  it  not  for  their  vast  magnitude,  might  be  inferred  from  their 
form  to  have  been  volcanic  craters,  are  by  far  the  most  prevalent  arrange- 
ment These  have  been  denominated,  according  to  their  magnitudes,  Bul- 
wark Plains,  Ring  Mountains,  Cratbbb,  and  Holes. 

{g')  Bulwark  plains, — These  are  circular  areas,  varying  from  40  to  120 
iniles  in  diameter,  enclosed  by  a  ring  of  mountain  ridges,  mostly  continuous, 
but  in  some  cases  intersected  at  'one  or  more  points  by  vast  ravines.  The 
enclosed  area  is  generally  a  plain  on  which  mountains  of  less  height  are 
often  scattered.  The  surrounding  circular  ridge  also  throws  out  spurs,  both 
externally  and  internally,  but  the  latter  are  generally  shorter  thim  the  for- 
mer. In  some  cases,  however,  internal  spurs,  which  are  diametrically  op- 
posed, unite  in  the  middle  so  as  to  cut  in  two  the  enclosed  plain.  In  some 
rare  cases  the  enclosed  plain  is  uninterrupted  by  mountains,  and  it  is  almost 
invariably  depressed  below  the  general  level  of  Uie  surrounding  land.  A  fe\y 
instances  are  presented  of  the  enclosed  plain  being  convex. 

The  mountainous  circle  enclosing  these  vast  areas  is  seldom  a  single 
ridge.  It  consists  more  generally  of  several  concentric  ridges,  one  of  which, 
however,  always  dominates  over  the  rest  and  exhibits  an  unequal  summit, 
broken  by  stupendous  peaks,  which  here  and  there  shoot  up  from  it  to  vast 
heights.  Occasionally  it  is  also  interrupted  by  smaller  mountains  of  the 
circular  form. 

Examples  of  bulwark  plains  are  presented  in  the  cases  of  Qavius,  Walther, 
Bcgiomontanus,  Purbach,  Alphonse,  and  Ptolemaeus. 

The  diameter  of  Clavius  is  124  miles*,  and  the  enclosed  area  is  12,000 

♦  The  geographical  mile,  or  the  sixtieth  part  of  a  degree  of  the  earth's 
meridian. 
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square  miles.  One  of  the  peaks  of  the  surrounding  ridge  shoots  up  to  the 
height  of  16,000  feet. 

The  diameter  of  Ptolenueus  is  100  miles,  and  it  encloses  an  area  of  6,400 
square  miles.  This  area  is  intersected  by  numerous  small  ridges,  not  above 
a  mile  in  breadth  and  100  feet  in  height.  PtolemsBus  is  surrounded  by 
very  high  mountains,  and  is  remarkable  for  the  precipitous  character  of  its 
inn^r  sides. 

The  other  bulwark  plains  above  named  have  nearly  the  same  character, 
but  less  dimensions. 

(A)  Ring  mountains.  — These  circular  formations  are  on  a  smaller  scale 
than  the  bulwark  plains,  var3ring  from  10  to  50  miles  in  diameter,  and  they 
are  generally  more  regular  and  more  exactly  circular  in  their  form.  They 
are  sometimes  found  upon  the  ridge  which  encloses  a  bulwark  plain,  thus 
interrupting  the  continuity  of  its  boundary,  and  sometimes  they  are  seen 
within  the  enclosed  area.  Sometimes  they  stand  in  the  midst  of  the  maria. 
Their  inner  declivity  is  always  steep,  and  the  enclosed  Mrea,  which  is  always 
concave,  often  includes  a  central  mountain,  presenting  thus  the  general 
character  of  a  volcanic  crater,  but  on  a  scale  of  magnitude  without  example 
in  terrestrial  volcanoes.  The  surface  enclosed  is  always  lower  than  the 
region  surrounding  the  enclosing  ridge,  and  the  central  mountain  often  rises 
to  such  a  height  that,  if  it  were  levelled,  it  would  fill  the  depression. 

(t)  Tychoy  a  ring  mountain, — The  most  remarkable  example  of  this  class 
is  Tycho  (see  chart,  lat.  42^,  long.  12^).  This  object  is  distinguishable 
without  a  telescope  on  the  lunar  disk  when  full ;  but,  owing  to  the  multitude 
of  other  features  which  become  apparent  around  it  in  the  phases,  it  can  then 
be  only  distinguished  by  a  perfect  knowledge  of  its  position,  and  with  a  good 
telescope.  The  enclosed  area,  which  is  very  nearly  circular,  is  47  miles  in 
diameter,  and  the  inside  of  the  enclosing  ridge  has  the  steepness  of  a  wall. 
Its  height  above  the  level  of  the  enclosed  plain  is  16,000  feet,  and  above 
that  of  the  external  regions  12,000  feet.  There  is  a  central  mount,  height 
4,700  feet,  besides  a  few  lesser  hills  within  the  enclosure. 

(A)  Craters  and  holes, — These  are  the  smallest  formations  of  the  circular 
class.  Craters  enclose  a  visible  area,  containing  generally  a  central  mound 
or  peak,  exhibiting  in  a  striking  manner  the  volcanic  character.  Holes 
include  no  visible  area,  but  may  possibly  be  craters  on  a  scale  too  small  to 
be  distinguished  by  the  telescope. 

Formations  of  this  class  are  innumerable  on  every  part  of  the  visible  sur- 
face of  the  moon,  but  are  no  where  more  prevalent  than  in  the  region  around 
Tycho,  which  may  be  seen  on  a  very  enlarged  scale  in  Plate  IL,  which 
represents  that  ring  mountain,  and  the  adjacent  region  extending  over  six* 
teen  degrees  of  latitude,  and  from  sixteen  to  twenty  degrees  of  longitude. 

(/)  Other  mountain  formations. — Besides  the  preceding,  which  are  the 
most  remarkable,  the  most  characteristic,  and  the  most  prevalent,  there  are 
various  other  forms  of  mountain,  classified  by  Beer  and  Madler,  but  which 
our  limits  compel  us  to  omit. 

(m)  Singular  and  unexplained  optical  phenomenon  of  radiating  streaks. — 
Among  the  most  remarkable  phenomena  presented  to  lunar  observers,  is  the 
systems  of  streaks  of  light  and  shade,  which  radiate  from  the  borders  of  some 
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of  the  largest  of  the  ring  mountains,  spreading  to  distances  of  several  hun- 
dred miles  around  them.  Seven  of  the  mountains  of  this- class,  viz.,  Tycho, 
Copernicus,  Kepler,  Fyrgins,  Anaxagoras,  Aristarchus,  and  Gibers  are  seve- 
rally the  centres  round  which  this  eztraordinaiy  radiation  is  manifested* 
Similar  phenomena,  less  conspicuously  developed,  however,  are  visible  around 
Meyer,  Euler,  Frodus,  Aiistillus,  Timocharis,  and  some  others. 

These  phenomena,  as  displayed  when  the  moon  is  full  around  l^cho,  are 
represented  in  Plate  IIL  on  the  same  scale  as  Plate  IL 

These  radiating  streaks  conmience  at  a  distance  of  about  20  miles  outside 
the  circular  ridge  of  Tycho.  From  that  limit  they  diverge  and  overspread 
folly  a  fourth  part  of  the  visible  hemisphere.  On  the  S.  they  extend  to  the 
edge  of  the  disk ;  on  the  £1  to  Hainzel  and  Capuanus;  on  the  SJX  to  the 
Idare  Nubium ;  on  the  N.  to  Alphonse ;  on  the  N.  W.  to  the  Mare  Kectaris, 
and  to  the  W.,  so  as  to  cover  nearly  the  entire  south-western  quadrant. 

They  are  only  visible  when  the  sun*s  rays  fEdl  upon  the  region  of  Tycho 
at  an  incidence  greater  than  25°,  and  the  more  perpendicularly  the  rays  faU 
upon  it,  the  more  fully  developed  the  phenomena  will  be.  They  are,  there- 
fore, only  seen  in  their  splendour,  as  represented  in  Plate  IIL,  when  the 
moon  is  full.  As  the  moon  moves  from  opposition  to  the  last  quarter,  the 
streaks  therefore  gradually  disappear,  and  the  shadows  of  the  mountain 
formations  are  at  the  same  time  gradually  brought  into  view,  so  that  the 
aspect  of  the  moon  undergoes  a  complete  transformation.  This  change  may 
be  very  well  exhibited  by  holding  the  Plate  IIL  before  a  window  to  which 
the  back  of  the  observer  is  turned.  He  will  then  see  the  phenomena  as  they 
are  presented  on  the  fiill  moon.  Let  him  then  turn  slowly  upon  his  heel 
until  his  face  is  presented  to  the  window,  holding  the  paper  between  his  eyes 
and  the  light  The  Plate  IL  vrill  then  be  seen  by  means  of  the  transparency 
-  of  the  ps^>er,  and  it  will  gradually  become  more  and  more  distinctly  apparent 
as  he  turns  more  directly  towards  the  light.* 

.  Although  the  mountain  formations  generally  disi^pear  under  the  splen- 
dour of  these  radiating  streaks,  some  few,  as  virUl  be  perceived  on  Plate  IlL^ 
continue  to  be  visible  through  them. 

None  of  the  numerous  selenographic  observers  have  proposed  any  satis- 
factory explanation  of  these  phenomena,  which  are  exhibited  nearly  in  the 
same  manner  around  the  other  ring  mountains  above  named.  Schroter 
supposed  them  to  be  mountains,  an  hypothesis  overturned  by  the  observa- 
tions since  made  with  more  powerful  instruments.  Herschel,  the  elder, 
suggested  the  idea  of  streams  of  lava;  Cassini  imagined  they  might  be 
clouds ;  and  others  even  suggested  the  possibility  of  their  being  roads  I 
Midler  imagines  that  these  ring  mountains  may  have  been  among  the  first 
selenological  formations;  and,  consequently,  the  points  to  which  all  the 


*  TiuB  ingenious  expedient  is  suggested  by  Madler.  It  must  be  remem- 
bered, however,  that,  while  Plate  IL  represents  the  region  as  it  appears  in  a 
telescope  which  inverts,  Plate  HL  represents  it  as  if  it  were  reflected  in  a 
mirror,  or  as  it  would  be  seen  with  a  telescope  having  a  prismatic  eye- 
piece. 
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gases  eTolved  in  the  formation  of  oar  satellite  would  have  been  attracted. 
These  emanations  produced  effects,  such  as  vitrification  or  ozjdation,  which 
modified  the  reflecdve  powers  of  the  surface.  We  must,  howeyer,  dismiss 
these  conjectures,  however  ingenious  and  attractive,  referring  those  who 
desire  to  pursue  the  subject  to  the  original  work. 

(n)  Environs  of  Tycho. — This  region  is  crowded  with  hundreds  of  peaks, 
crests,  and  craters  (see  Plate  IL);  not  the  least  vestige  of  a  plain  can  any- 
where be  discovered.  Towards  the  £.  and  S.E.  craters  predominate,  while 
to  the  W.  chains  parallel  to  the  ring  are  more  numerous.  On  the  S.  the 
mountains  are  thickly  scattered  in  confused  masses.  At  a  distance  of  15  to 
25  miles  craters  and  small  ring  mountains  are  seen,  few  being  circular,  but 
all  approaching  to  that  form.    All  are  surrounded  by  steep  ramparts. 

(o)  Wilhebn  L — This  is  a  considerable  ring  mountain  S.E.  of  Tycho. 
The  altitude  of  its  eastern  parapet  is  10,000  feet,  that  of  its  western  being 
only  6,000.  Its  crest  is  studded  with  peaks;  and  craters  of  various  magni- 
tudes, heights,  and  depths,  surrounding  it  in  great  numbers,  and  giving  a 
varied  appearance  to  the  adjacent  region. 

(p)  Longomontanus, — A  large  circular  range,  having  a  diameter  of  80 
miles,  enclosing  a  piain  of  gpreat  depth.  The  eastern  and  western  ridges 
rise  to  the  height  of  12,000  to  13,000  feet  above  the  level  of  the  enclosed 
plain.  Its  shadow  sometimes  falls  upon  and  conceals  the  numerous  craters 
and  promontories  which  lie  near  it.  The  whole  surrounding  region  is  savage 
and  rugged  in  the  highest  degree,  and  must,  according  to  Miidler,  have 
resulted  from  a  long  succession  of  convulsions.  The  principal,  and  ap^* 
parently  original,  crater  has  given  way  in  course  of  time  to  a  series  of  new 
and  less  violent  eruptions.  All  these  smaller  formations  are  visible  on 
the  full  moon,  but  not  the  principal  range,  which  then  disappears,  though  its 
place  may  still  be  ascertained  by  its  known  position  in  relation  to  Tycho. 

(g)  Maginut, — This  range  N.W.  of  Tycho  (see  Plate  I.)  has  the  appear <• 
ance  of  a  vast  and  wild  ruin.  The  i^de  plain  enclosed  by  it  lies  in  deep 
shade  even  when  the  sun  has  risen  to  the  meridian.  Its  general  height  is 
13,000  feet  A  broad  elevated  base  connects  the  numberless  peaks,  terraces, 
and  groups  of  hills  constituting  this  range,  and  small  craters  are  numerous 
among  these  wild  and  confused  masses.  The  central  peak  a  is  a  low  but 
well-defined  hill,  close  to  which  is  a  crater-like  depressbn,  and  other  less 
considerable  hills. 

(r)  Analogy  to  terrestrial  volcanoes  more  apparent  than  real — enlarged  vieto 
of  Gassendi, — The  volcanic  character  observed  in  the  selenographic  forma- 
tions loses  much  of  its  analogy  to^  like  formations  on  thS  earth's  surface 
when  higher  magnifying  powers  enable  us  to  examine  the  details  of  what 
appear  to  be  craters,  and  to  compare  their  dimensions  with  even  the  most 
extensive  terrestrial  craters.  Numerous  examples  may  be  produced  to  illus- 
trate this.  We  have  seen  that  Tycho,  which,  viewed  under  a  moderate 
magnifying  power,  appears  to  possess  in  so  eminent  a  degree  the  volcanic 
character,  is,  in  fact,  a  circular  chain  enclosing  an  area  upwards  of  fifty 
miles  in  diameter.  Gassendi,  another  system  of  like  form,  and  of  still  more 
stupendous  dimensions,  is  delineated  in  Jig,  ].  Plate  lY.,  as  seen  with  high 
magnifying  powers.    This  remarkable  object  consists  of  two  enormous  cir- 
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cular  chains  of  moontains,  the  lesser,  which  lies  to  the  north,  measuring 
16^  miles  in  diameter,  and  the  greater,  lying  to  the  south,  enclosing 
an  area  60  miles  in  diameter.  The  area  enclosed  by  the  former  is 
therefore  214,  and  by  the  letter  2,827  square  miles.  The  height  of  the 
lesser  chain  is  about  10,000  feet,  while  that  of  the  greater  varies  from  3,500 
to  5,000  feet  The  vast  area  thus  enclosed  by  the  greater  chain  includes,  at 
or  near  its  centre,  a  principal  central  mountain,  having  eight  peaks  and  an 
height  of  2,000  feet,  while  scattered  over  the  surrounding  enclosure  up- 
wards of  a  hundred  mountains  of  less  considerable  elevation  have  been 
counted. 

It  is  easy  to  see  how  little  analogy  to  a  terrestrial  volcanic  crater  is  pre- 
sented by  these  characters. 

« 

The  preceding  selections,  combined  with  the  charts,  Plates  I., 
IL,  m,  andlV.,  will  serve  to  show  the  general  physical  character 
of  the  lunar  surface,  and  the  elaborate  accuracy  with  which  it 
has  been  submitted  to  telescopic  examination.  In  the  work 
of  Beer  and  Madler  a  table  of  the  heights  of  above  1000  moun- 
tains is  given,  several  of  which  attain  to  an  elevation  of  23,000 
feet,  equal  to  that  of  the  highest  summits  of  terrestrial  moun- 
tains, while  the  diameter  of  the  moon  is  little  more  than  half 
that  of  the  earth. 

2491.  Ohservations  of  HerscheL — Sir  John  Hersch^l  says, 
that  among  the  lunar  mountains  may  be  observed  in  its  highest 
perfection  the  true  volcanic  character,  as  seen  in  the  crater  of 
Vesuvius  and  elsewhere  ;  but  with  the  remarkable  peculiarity 
that  the  bottoms  of  many  of  the  craters  are  very  deeply  de- 
pressed below  the  general  surface  of  the  moon,  the  internal  depth 
being  in  many  cases  two  or  three  times  the  external  height. 
In  some  cases,  he  thinks,  decisive  marks  of  volcanic  stratifica- 
tion, arising  firom  a  succession  of  deposits  of  ejected  matter,  and 
evident  indications  of  currents  of  lava  streaming  outwards  in 
all  directions,  may  be  clearly  traced  with  powerful  telescopes. 

2492.  Observations  of  the  Earl  o/Bosse. — By  means  of  the 
great  reflecting  telescope  of  Lord  Bosse,  the  flat  bottom  of  the 
crater  called  Albategnius  is  distinctly  seen  to  be  strewed  with 
blocks,  not  visible  with  less  powerful  instruments ;  while  the 
exterior  of  another  (Aristillus)  is  intersected  with  deep  gullies 
radiating  from  its  centre. 

2493.  Supposed  influence  of  the  moon  on  the  weather. — 
Among  the  many  influences  which  the  moon  is  supposed,  by  the 
world  in  general,  to  exercise  upon  our  globe,  one  of  those,  which 
has  been  most  universally  believed,  in   all   ages  and  in  all 
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eountries,  is  that  which  it  is  presumed  to  exert  upon  the  changes 
of  the  weather.  Although  the  particular  details  of  this  influence 
are  sometimes  pretended  to  be  described,  the  only  general  prin- 
ciple, or  rule,  which  prevails  with  the  world  in  general  is,  that 
a  change  of  weather  maj  be  looked  for  at  the  epochs  of  new 
and  full  moon  :  that  is  to  say,  if  the  weather  be  previously  fair 
it  will  become  foul,  and  if  foul  will  become  fair.  Similar  changes 
are  also,  sometimes,  though  not  so  confidently,  looked  for  at  the 
epochs  of  the  quarters. 

A  question  of  this  kind  may  be  regarded  either  as  a  question 
of  science,  or  a  question  of  fact 

If  it  be  regarded  as  a  question  of  science,  we  are  called  upon 
to  explain  how  and  by  what  property  of  matter,  or  what  law 
of  nature  or  attraction,  the  moon,  at  a  distance  of  a  quarter  of 
a  million  of  miles,  combining  its  efiects  with  the  sun,  at  four 
hundred  times  that  distance,  can  produce  those  alleged  changes. 
To  this  it  may  be  readily  answered  that  no  known  law  or  prin- 
ciple has  hitherto  explained  any  such  phenomena.  The  moon 
and  sun  must,  doubtless,  afiect  the  ocean  of  air  which  surrounds 
the  globe,  as  they  affect  the  ocean  of  water  —  producing  effects 
analogous  to  tides ;  but  when  the  quantity  of  such  an  effect  is 
estimated,  it  is  proved  to  be  such  as  could  by  no  means  account 
for  the  meteorological  changes  here  adverted  to. 

But  in  conducting  investigations  of  this  kind  we  proceed 
altogether  in  the  wrong  direction,  and  begin  at  the  wrong  end, 
when  we  commence  with  the  investigation  of  the  physical  cause 
of  the  supposed  phenomena.  Our  first  business  is  carefully 
and  accurately  to  observe  the  phenomena  of  the  changes  of  the 
weather,  and  then  to  put  them  in  juxtaposition  with  the  con- 
temporaneous changes  of  the  lunar  phases.  If  there  be  any 
discoverable  correspondence,  it  then  becomes  a  question  of 
physics  to  assign  its  cause. 

Such  a  course  of  observation  has  been  made  in  various  ob- 
servatories with  all  the  rigour  and  exactitude  necessary  in  such 
an  inquiry,  and  has  been  continued  over  periods  of  time  so 
extended,  as  to  efface  all  conceivable  effects  of  accidental  irre- 
gularities. 

We  can  imagine,  placed  in  two  parallel  columns,  in  juxta- 
position, the  series  of  epochs  of  the  new  and  full  moons,  and 
the  quarters,  and  the  corresponding  conditions  of  the  weather 
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kt  these  times,  for  fifty  or  one  hundred  years  back,  so  that  we 
maj  be  enabled  to  examine,  as  a  mere  matter  of  fact,  the 
conditions  of  the  weather  for  one  thousand  or  twelve  hundred 
full  and  new  moons  and  quarters. 

From  such  a  mode  of  observation  and  inquiry,  it  has  resulted 
conclusively  that  the  popular  notions  concerning  the  influence  of 
the  lunar  phases  on  the  weather  have  no  foundation  in  theory, 
and  no  correspondence  with  observed  facts.  That  the  moon, 
by  her  gravitation,  exerts  an  attraction  on  our  atmosphere  cannot 
be  doubted ;  but  the  effects  which  that  attraction  would  produce 
upon  the  weather  are  not  in  accordance  with  observed  pheno- 
mena ;  and,  therefore,  these  effects  are  either  too  small  in  amount 
to  be  appreciable  in  the  actual  state  of  meteorological  instru- 
ments, or  they  are  obliterated  by  other  more  powerful  causes, 
from  which  hitherto  they  have  not  been  eliminated.  It  appears, 
however,  by  some  series  of  observations,  not  yet  confirmed  or 
continued  through  a  sufficient  period  of  time,  that  a  slight  cor- 
respondence may  be  discovered  between  the  periods  of  rain  and 
the  phases  of  the  moon,  indicating  a  very  feeble  influence,  de- 
pending on  the  relative  position  of  that  luminary  to  the  sun, 
but  having  no  discoverable  relation  to  the  lunar  attraction.  This 
is  not  without  interest  as  a  subject  of  scientific  inquiry,  and  is 
entitled  to  the  attention  of  meteorologists ;  but  its  influence  is 
80  feeble  that  it  is  altogether  destitute  of  popular  interest  as  a 
weather  prognostic.  It  may,  therefore,  be  stated  that,  as  far  as 
observation  combined  with  theory  has  afforded  any  means  of 
knowledge,  there  are  no  grounds  for  the  prognostications  of 
weather  erroneously  supposed  to  be  derived  from  the  influence 
of  the  sun  and  moon. 

Those  who  are  impressed  with  the  feeling  that  an  opinion  so 
universally  entertained  even  in  countries  remote  from  each  other, 
as  that  which  presumes  an  influence  of  the  moon  over  the 
changes  of  the  weather,  will  do  well  to  remember  that  against 
that  opinion  we  have  not  here  opposed  mere  theory.  Nay,  we  have 
abandoned  for  the  occasion  the  support  that  science  might  afford, 
and  the  light  it  might  shed  on  the  negative  of  this  question, 
and  have  dealt  with  it  as  a  mere  question  of  fact.  It  matters 
little,  so  far  as  this  question  is  concerned,  in  what  manner  the 
moon  and  sun  may  produce  an  effect  on  the  weather,  nor  even 
whether  they  be  active  causes  in  producing  such  effect  at  alL 
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The  point,  and  the  only  point  of  importance,  is,  whether,  regarded 
as  a  mere  matter  of/act^  anj  correspondence  between  the  changes 
of  the  moon  and  those  of  the  weather  exists?  And  a  short  ex« 
amination  of  the  recorded  facts  proves  that  it  does  not. 

2494.  Other  supposed  lunar  influences.  —  But  meteorolo- 
gical phenomena  are  not  the  only  effects  imputed  to  our  satellite; 
that  body,  like  comets,  is  made  responsible  for  a  yast  variety  of 
interferences  with  organised  nature.  The  circulation  of  the 
juices  of  vegetables,  the  qualities  of  grain,  the  fate  of  the  vintage, 
are  all  laid  to  its  account ;  and  timber  must  be  felled,  the  harvest 
cut  down  and  gathered  in,  and  the  juice  of  the  grape  expressed, 
at  times  and  under  circumstances  regulated  by  the  aspects  of 
the  moon,  if  excellence  be  hoped  for  in  these  products  of 
the  soiL 

According  to  popular  belief,  our  satellite  also  presides  over 
human  maladies ;  and  the  phenomena  of  the  sick  chamber  are 
governed  by  the  lunar  phases ;  nay,  the  very  marrow  of  our 
bones,  and  the  weight  of  our  bodies,  suffer  increase  or  diminu- 
tion by  its  influence.  Nor  is  its  imputed  power  confined  to 
physical  or  organic  effects ;  it  notoriously  governs  mental  de* 
rangement 

If  these  opinions  respecting  lunar  influences  were  limited  to 
particular  countries,  they  would  be  less  entitled  to  serious  con- 
sideration ;  but  it  is  a  curious  fact  that  many  of  them  prevail 
and  have  prevailed  in  quarters  of  the  earth  so  distant  and 
unconnected,  that  it  is  difficult  to  imagine  the  same  error  to  have 
proceeded  from  the  same  source. 

Our  limits,  and  the  objects  to  which  this  volume  is  directed, 
render  it  impossible  here  to  notice  more  than  a  few  of  the  prin* 
cipal  physical  and  physiological  influences  imputed  to  the  moon ; 
nor  even  with  respect  to  these  can  we  do  more  than  indicate  the 
kind  of  examination  to  which  they  have  been  submitted,  and  the 
conclusions  which  have  been  deduced  from  it. 

2495.  The  red  moon. — Gardeners  give  the  name  of  Red 
Moon  to  that  moon  which  is  full  between  the  middle  of  April 
and  the  close  of  May.  According  to  them  the  light  of  the  moon 
at  that  season  exercises  an  injurious  influence  upon  the  young 
shoots  of  plants.  They  say  that  when  the  sky  is  clear  the  leaves 
and  buds  exposed  to  the  lunar  light  redden  and  are  killed  as  if 
by  frost,  at  a  time  when  the  thermometer  exposed  to  the  atmo- 
sphere stands  at  many  degrees  above  the  freezing  point.     They 
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say  also  that  if  a  clouded  skj  intercepts  the  moon's  light  it  pre* 
yents  these  injurious  consequences  to  the  plants^  although  the 
circumstances  of  temperature  are  the  same  in  both  cases. 
Nothing  is  more  easy  than  the  explanation  of  these  effects.  The 
leaves  and  flowers  of  plants  are  strong  and  powerful  radiators 
of  heat ;  when  the  sky  is  clear  they  therefore  lose  temperature 
and  may  be  frozen  ;  if,  on  the  other  hand,  the  sky  be  clouded, 
their  temperature  is  maintained  for  the  reasons  above  stated. 

The  moon,  therefore,  has  no  connection  whatever  with  this 
effect,  and  it  is  certain  that  plants  would  suffer  under  the  same 
circumstances  whether  the  moon  is  above  or  below  the  horizon. 
It  equally  is  quite  true  that  if  the  moon  be  above  the  horizon, 
the  plants  cannot  suffer  unless  it  be  visible ;  because  a  clear  shy 
is  indispensable  as  much  to  the  production  of  the  injury  to  the 
plants  as  to  the  visibility  of  the  moon ;  and,  on  the  other  hand, 
the  same  clouds  which  veil  the  moon  and  intercept  her  light 
give  back  to  the  plants  that  warmth  which  prevents  the  injury 
here  adverted  to.  The  popular  opinion  is  therefore  right  as  to 
the  effect^  but  wrong  as  to  the  cause ;  and  its  error  will  be  at 
once  discovered  by  showing  that  on  a  clear  night,  when  the 
moon  is  new,  and,  therefore,  not  visible,  the  plants  may  never- 
theless suffer. 

2496.  Supposed  influence  on  timber. —  An  opinion  is  gene- 
rally entertained  that  timber  should  be  felled  only  during  the 
decline  of  the  moon ;  for  if  it  be  cut  down  during  its  increase, 
it  will  not  be  of  a  good  and  durable  quality.  This  impression 
prevails  in  various  countries.  Is  is  acted  upon  in  England, 
and  is  made  the  ground  of  legislation  in  France.  The  forest 
laws  of  the  latter  country  interdict  the  cutting  of  timber  during 
the  increase  of  the  moon.  The  same  opinion  prevails  in  Brazil* 
Signer  Francisco  Pinto,  an  eminent  agriculturist  in  the  province 
of  £spirito  Santo,  affirmed,  as  the  result  of  his  experience, 
that  the  wood  which  was  not  felled  at  the  full  of  the  moon  was 
immediately  attacked  by  worms  and  very  soon  rotted.  In 
the  extensive  forests  of  Grermany,  the  same  opinion  is  enter- 
tained and  acted  upon.  M.  Duhamel  Monceau,  a  celebrated 
French  agriculturist,  has  made  direct  and  positive  experiments 
for  the  purpose  of  testing  this  question ;  and  has  clearly  and 
conclusively  shown  that  the  qualities  of  timber  felled  in  differei  t 
parts  of  the  lunar  month  are  the  same. 

2497.  Supposed  lunar  influence  on  vegetables.  —  It  is  an 
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aphorism  received  by  all  gardeners  and  agriculturists  in  Europe, 
that  vegetables,  plants,  and  trees,  which  are  expected  to  flourish 
and  grow  with  vigour,  should  be  planted,  grafted,  and  pruned, 
during  the  increase  of  the  moon.  This  opinion  is  altogether 
erroneous.  The  increase  or  decrease  of  the  moon  has  no  appre- 
ciable influence  on  the  phenomena  of  vegetation ;  and  the 
experiments  and  observations  of  several  French  agriculturists, 
and  especially  of  M.  Duhamel  du  Monceau  (already  alluded  to) 
have  clearly  established  this. 

2498.  Supposed  lunar  influence  on  wine'tnaking,  —  It  is  a 
maxim  of  wine-growers,  that  wine  which  has  been  made  in  two 
moons  is  never  of  a  good  quality,  and  cannot  be  clear. 

To  this  we  need  only  answer,  that  the  moon's  rays  do  not 
affect  the  temperature  of  the  air  to  the  extent  of  one  thousandth 
part  of  a  degree  of  the  thermometer,  and  that  the  difference  of 
temperatures  of  any  two  neighbouring  places  in  which  the  pro- 
cess of  making  the  wine  of  the  same  soil  and  vintage  might  be 
conducted,  may  be  a  thousand  times  greater  at  any  given 
moment  of  time,  and  yet  no  one  ever  imagines  that  such  a  cir- 
cumstance can  affect  the  quality  of  the  wine. 

2499.  Supposed  lunar  influence  on  the  complexion, — It  is 
a  prevalent  popular  notion  in  some  parts  of  Europe,  that  the 
moon's  light  is  attended  with  the  effect  of  darkening  the  com- 
plexion. 

That  light  has  an  effect  upon  the  colour  of  material  substances 
is  a  fact  well  known  in  physics  and  in  the  arts.  The  process 
of  bleaching  by  exposure  to  the  sun  is  an  obvious  example 
of  this  class  of  facts.  Vegetables  and  flowers  which  grow  in  a 
situation  excluded  from  the  light  of  the  sun  are  different  in 
colour  from  those  which  have  been  exposed  to  its  influence. 
The  most  striking  instance,  however,  of  the  effect  of  certain 
rays  of  solar  light  in  blackening  a  light  coloured  substance,  is 
afforded  by  chloride  of  silver,  which  is  a  white  substance,  but 
which  immediately  becomes  black  when  acted  upon  by  the  ray^ 
near  the  red  extremity  of  the  spectrum.  This  substance,  how- 
ever, highly  susceptible  as  it  is  of  having  its  colour  affected  by 
light,  is,  nevertheless,  found  not  to  be  changed  in  any  sensible 
degree  when  exposed  to  the  light  of  the  moon,  even  when  that 
light  is  condensed  by  the  most  powerful  burning  lenses.  It 
would  seem,  therefore,  that  as  far  as  any  analogy  can  be  derived 
from  the  qualities  of  this  substance,  the  popular  impression  of 
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the  influence  of  the  moon's  rajs  in  blackening  the  skin  receives 
no  support. 

2500.  Supposed  lunar  influence  on  putrefaction,  —  Pliny 
and  Plutarch  have  transmitted  it  as  a  maxim,  that  the  light  of 
the  moon  facilitates  the  putrefaction  of  animal  substances,  and 
covers  them  with  moisture.  The  same  opinion  prevails  in  the 
West  Indies,  and  in  South  America.  An  impression  is  preva- 
lent, also,  that  certain  kinds  of  fruit  exposed  to  moonlight  lose 
their  flavour  and  become  soft  and  flabby ;  and  that  if  a  wounded 
mule  be  exposed  to  the  light  of  the  moon  during  the  night,  the 
wound  will  be  irritated,  and  frequently  become  incurable. 

Such  efiects,  if  real,  may  be  explained  upon  the  same  prin- 
ciples as  those  by  which  we  have  already  explained  the  efiects 
imputed  to  the  red  moon.  Animal  substances  exposed  to  a  clear 
sky  at  night,  are  liable  to  receive  a  deposition  of  dew,  which 
humidity  has  a  tendency  to  accelerate  putrefaction.  But  this 
eflect  will  be  produced  if  the  sky  be  clear,  whether  the  moon  be 
above  the  horizon  or  not.  The  moon,  therefore,  in  this  case,  is 
a  witness  and  not  an  agent ;  and  we  must  acquit  her  of  the 
misdeeds  imputed  to  her. 

Supposed  lunar  influence  on  shell-flsh,  —  It  is  a  very 
ancient  remark,  that  oysters  and  other  shell-fish  become  larger 
during  the  increase  than  during  the  decline  of  the  moon.  This 
maxim  is  mentioned  by  the  poet  Lucilius,  by  Aulus  Gellius,  and 
others ;  and  the  members  of  the  academy  del  Cimento  appear 
to  have  tacitly  admitted  it,  since  they  endeavour  to  give  an 
explanation  of  it.  The  fact,  however,  has  been  carefully 
examined  by  Bohault,  who  has  compared  shell-fish  taken  at  all 
periods  of  the  lunar  month,  and  found  that  they  exhibit  no 
difference  of  quality. 

2501.  Supposed  lunar  influence  on  the  marrow  of  animals. — 
An  opinion  is  prevalent  among  butchers  that  the  marrow  found 
in  the  bones  of  animals  varies  in  quantity  according  to  the  phase 
of  the  moon  in  which  they  are  slaughtered.  This  question  has 
also  been  examined  by  Rohault,  who  made  a  series  of  observa- 
tions which  were  continued  for  twenty  years  with  a  view  to 
test  it ;  and  the  result  was  that  it  was  proved  completely  desti- 
tute of  foundation. 

2502.  Supposed  lunar  influence  on  the  weight  of  the  human 
body,  —  Sanctorius,  whose  name  is  celebrated  in  physics  for  the 
invention  of  the  thermometer,  held  it  as  a  principle  that  a 
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healthy  man  gained  two  pounds  weight  at  the  beginning  of 
every  lunar  month,  which  he  lost  toward  its  completion.  This 
opinion  appears  to  be  founded  on  experiments  made  upon  him- 
self ;  and  affords  anotlier  instance  of  a  fortuitous  coincidence 
hastily  generalised.  The  error  would  have  been  corrected  if 
he  had  continued  his  observations  a  sufficient  length  of  time. 

2503.  Supposed  lunar  influence  on  births.  —  It  is  a  preva- 
lent opinion  that  births  occur  more  frequently  in  the  decline  of 
the  moon  than  in  her  increase.  This  opinion  has  been  tested 
by  comparing  the  number  of  births  with  the  periods  of  the 
lunar  phases ;  but  the  attention  directed  to  statistics,  as  well  in 
this  country  as  abroad,  will  soon  lead  to  the  decision  of  this 
question.* 

2604.  Supposed  lunar  influence  on  incubation.  —  It  is  a 
maxim  handed  down  by  Pliny,  that  eggs  should  be  put  to  cover 
when  the  moon  is  new.  In  France  it  is  a  maxim  generally 
adopted,  that  the  fowls  are  better  and  more  successfully  reared 
when  they  break  the  shell  at  the  full  of  the  moon.  The  expe- 
riments and  observations  of  M.  Girou  de  Bnzareingues  have 
given  countenance  to  this  opinion.  But  such  observations  re- 
quire to  be  multiplied  before  the  maxim  can  be  considered  as 
established.  M.  Girou  inclines  to  the  opinion  that  during  the 
dark  nights  about  new  moon  the  hens  sit  so  undisturbed  that 
they  either  kill  their  young  or  check  their  development  by  too 
much  heat ;  while  in  moonlight  nights,  being  more  restless, 
this  effect  is  not  produced. 

2505,  Supposed  lunar  influence  on  mental  derangement  and 
other  human  maladies.  —  The  influence  on  the  phenomena  of 
human  maladies  imputed  to  the  moon  is  very  ancient.  Hippo*- 
crates  had  so  strong  a  faith  in  the  influence  of  celestial  objects 
upon  animated  beings,  that  he  expressly  recommends  no  physi- 
cian to  be  trusted  who  is  ignorant  of  astronomy,  Galen,  fol- 
lowing Hippocrates,  maintained  the  same  opinion,  especially  of 
the  influence  of  the  moon.  Hence  in  diseases  the  lunar  periods 
were  said  to  correspond  with  the  succession  of  the  sufferings  of 
the  patients.  The  critical  days  or  crises  (as  they  were  afterward 
called),  were  the  seventh,  fourteenth,  and  twenty-first  of  the 
disease,  corresponding  to  the  intervals  between  the  moon's  prin- 

*  Other  sexnal  phenomena,  snch  as  the  period  of  gestation,  vulgarly  sup- 
posed to  have  some  relation  to  the  lunar  month,  have  no  relation  whatever 
to  that  period. 
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cipal  pbases.  While  the  doctrine  of  alchjmists  prevailed,  the 
human  body  was  considered  as  a  microcosm ;  the  heart  repre- 
senting the  sun,  the  brain  the  moon,  llie  planets  had  each  its 
proper  influence :  Jupiter  presided  over  the  lungs.  Mars  over 
the  liver,  Saturn  over  the  spleen,  Venus  over  the  kidneys,  and 
Mercury  over  the  organs  of  generation.  Of  these  grotesque 
notions  there  is  now  no  relic,  except  the  term  lunacy^  which 
still  designates  unsoundness  of  mind«  But  even  this  term  may 
in  some  degree  be  said  to  be  banished  from  the  terminology  of 
medicine,  and  it  has  taken  refuge  in  that  receptacle  of  all  anti- 
quated absurdities  of  phraseology  -—  the  law.  Lunatic,  we  be* 
lieve,  is  still  the  term  for  the  subject  who  is  incapable  of  ma- 
naging his  own  affairs. 

Although  the  ancient  faith  in  the  connection  between  the 
phases  of  the  moon  and  the  phenomena  of  insanity  appears  in  a 
great  degree  to  be  abandoned,  yet  it  is  not  altogether  without 
its  votaries ;  nor  have  we  been  able  to  ascertain  that  any  series 
of  observations  conducted  on  scientific  principles,  has  ever  been 
made  on  the  phenomena  of  insanity,  with  a  view  to  disprove 
this  connection.  We  have  even  met  with  intelligent  and  well* 
educated  physicians  who  still  maintain  that  the  paroxysms  of 
insane  patients  are  more  violent  when  the  moon  is  full  than  at 
other  times. 

2606.  Exampks  produced  by  Faber  and  RamazzmL — Ma* 
tbiolus  Faber  gives  an  instance  of  a  maniac  who,  at  the  very 
moment  of  an  eclipse  of  the  moon,  became  furious,  seized  upon 
a  sword,  and  fell  upon  every  one  around  him.  Ramazzini  re- 
lates that,  in  the  epidemic  fever  which  spread  over  Italy  in  the 
year  1693,  patients  died  in  an  unusual  number  on  the  21st  of 
January,  at  the  moment  of  a  lunar  eclipse* 

Without  disputing  this  fact  (to  ascertain  which,  however,  it 
would  be  necessary  to  have  statistical  returns  of  the  daily 
deaths),  it  may  be  objected  that  the  patients  who  thus  died  in 
such  numbers  at  the  moment  of  the  eclipse,  might  have  had 
their  imaginations  highly  excited,  and  their  fears  wrought  upon 
by  the  approach  of  that  event,  if  popular  opinion  invested  it 
triih  danger.  That  such  an  impression  was  not  unlikely  to 
prevail  is  evident  from  the  facts  which  have  been  recorded. 

At  no  very  distant  period  from  that  time,  in  August,  1654, 
it  is  related  that  patients  in  considerable  numbers  were,  by 
order  of  the  physicians,  shut  up  in  chambers  well  closed, 
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warmedy  and  perfumed,  with  a  view  to  escape  the  injurioiis  in- 
fluence of  the  solar  eclipse,  which  happened  at  that  time ;  and 
such  was  the  consternation  of  persons  of  all  classes,  that  the 
numbers  who  flocked  to  confession  were  so  great  that  the  ecde- 
sinstics  found  it  impossible  to  administer  that  rite.  An  amusing 
anecdote  is  related  of  a  village  curate  near  Paris,  who,  with  a 
view  to  ease  the  minds  of  his  flock,  and  to  gain  the  necessary 
time  to  get  through  his  business,  serionslj  assured  them  that 
the  eclipse  was  postponed  for  a  fortnight. 

2607.  Examples  of  ValU$nieri  and  Bacon.  —  Two  of  the 
most  remarkable  examples  recorded,  of  the  supposed  influence 
of  the  moon  on  the  human  body,  are  those  of  Yallisnieri  and 
Bacon.  Yallisnieri  declares  that,  being  at  Padua,  recovering 
from  a  tedious  illness,  he  suffered,  on  the  12th  of  May,  170^ 
during  the  eclipse  of  the  sun,  unusual  weakness  and  shivering. 
Lunar  eclipses  never  happened  without  making  Bacon  faint;  and 
he  did  not  recover  his  senses  till  the  moon  recovered  her  light. 

That  these  two  striking  examples  should  be  admitted  in  proof 
of  the  existence  of  lunar  influence,  it  would  be  necessary,  says 
M.  Arago,  to  establish  the  fact,  that  feebleness  and  pusilla* 
nimity  of  character  are  never  connected  with  high  qualities  of 
mind. 

2508.  Supposed  influence  on  cutaneous  affections.  —  Me- 
nuret  considered  that  cutaneous  maladies  had  a  manifest  con- 
tiection  with  the  lunar  phases.  He  says  that  he  himself  observe^ 
in  the  year  1760,  a  patient  afliicted  with  a  scald  head  {teigne\ 
who,  during  the  decline  of  the  moon,  suffered  from  a  gradual 
increase  of  the  malady,  which  continued  until  the  epoch  of  the 
new  moon,  when  it  had  covered  the  face  and  breast,  and  pro* 
duced  insufferable  itching.  As  the  moon  increased,  these 
symptoms  disappeared  by  degrees ;  the  face  became  free  from 
the  eruption ;  but  the  same  effects  were  reproduced  after  the 
full  of  the  moon.  These  periods  of  the  disease  continued  for 
three  months. 

Menuret  also  stated*ihat  he  witnessed  a  similar  correspond- 
ence between  the  lunar  phases  and  the  distemper  of  the  itch ; 
but  the  circumstances  were  the  reverse  of  those  in  the  former 
case;  the  malady  attaining  its  maximum  at  the  full  of  the 
moon,  and  its  minimum  at  the  new  moon. 

Without  disputing  the  accuracy'  of  these  statements,  (at 
throwing  any  suspicion  on  the  good  faith  of  the  physician  wh> 
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has  made  them,  we  may  observe  that  such  facts  prove  nothing 
except  the  fortuitous  coincidence.  If  the  relation  of  cause  and 
effect  had  existed  between  the  lunar  phases  and  the  phenomena 
of  these  distempers  the  same  cause  would  have  continued  to 
produce  the  same  effect  in  like  circumstances ;  and  we  should 
not  be  leflfc  to  depend  for  the  proof  of  lunar  influence  on  the 
statements  of  isolated  cases,  occurring  under  the  observation  of 
a  physician  who  was  himself  a  believer. 

2509.  Remarkable  case  adduced  by  Hoffman.  —  Maurice 
Hoffman  relates  a  case  which  came  under  his  own  practice,  of 
•a  young  woman,  the  daughter  of  an  epileptic  patient.  The  ab- 
domen of  this  girl  became  inflated  every  month  as  the  moon 
increased,  and  regularly  resumed  its  natural  form  with  the  de^ 
dine  of  the  moon. 

Now  if  this  statement  of  Hoffman  were  accompanied  by  all 
the  necessary  details,  and  if,  also,  we  were  assured  that  this 
strange  effect  continued  to  be  produced  for  any  considerable 
length  of  time,  the  relation  of  cause  and  effect  between  the 
phases  of  the  moon  and  the  malady  of  the  girl  could  not  legiti- 
mately be  denied ;  but  receiving  the  statement  in  so  vague  a 
form,  and  not  being  assured  that  the  effect  continued  to  be  pro- 
duced beyond  a  few  months,  the  legitimate  conclusion  at  which 
we  must  arrive  is,  that  this  is  another  example  of  fortuitous 
coincidence,  and  may  be  classed  with  the  fulfilment  of  dreams, 
prodigies,  &c.,  &c. 

2510.  Cases  of  nervous  diseases.  —  As  may  naturally  be  ex- 
pected, nervous  diseases  are  those  which  have  presented  the 
most  frequent  indications  of  a  relation  with  the  lunar  phases. 
The  celebrated  Mead  was  a  strong  believer,  not  only  in  the 
innar  influence,  but  in  the  influence  of  all  the  heavenly  bodies 
on  all  the  human.  He  cites  the  case  of  a  child  who  always  went 
-into  convulsions  at  the  moment  of  full  moon.  Pyson,  another 
believer,  cites  another  case  of  a  paralytic  patient  whose  disease 
was  brought  on  by  the  new  moon.  Menuret  records  the  caae 
of  an  epileptic  patient  whose  fits  returned  with  the  full  moon. 
The  transactions  of  learned  societies  abound  with  examples  of 
giddiness,  malignant  fever,  somnambulism,  &c.,  having  in  their 
paroxysms  more  or  less  corresponded  with  the  lunar  phasea. 
.Gall  states,  as  a  matter  having  fallen  under  his  own  observa- 
tion, thatu  patients  suffering  under  weakness  of  intellect  had  two 

periods  in  the  month  of  peculiar  exciteipent ;  and,  in  ^  wqrk 

1.2 


Digitized  by 


Google 


220  ASTRONOMY. 

published  in  London  so  reeentlj  as  1829,  we  are  assured  that 
these  epochs  are  between  the  new  and  full  moon. 

2511.  Observations  ofDr.Olbers  on  insane  patients, — Against 
all  these  instances  of  the  supposed  effect  of  lunar  influence,  we 
have  little  direct  proof  to  offer.  To  establish  a  negative  is  not 
easj.  Yet  it  were  to  be  wished  that  in  some  of  our  great  asj- 
lums  for  insane  patients,  a  register  should  be  preserved  of  the 
exact  times  of  the  access  of  all  the  remarkable  paroxysms ;  i^ 
subsequent  comparison  of  this  with  the  age  of  the  moon  at  the 
time  of  their  occurrence  would  furnish  the  ground  for  legitimate 
and  safe  conclusions.  We  are  not  aware  of  any  scientific  phj* 
sician  who  has  expressly  directed  his  attention  to  this  question, 
except  Dr.  Gibers  of  Bremen,  celebrated  for  his  discovery  of 
the  planets  Pallas  and  Vesta.  He  states  that,  in  the  course  of  % 
long  medical  practice,  he  was  never  able  to  discover  the  slight* 
est  trace  of  any  connection  between  the  phenomena  of  disease 
and  the  phases  of  the  moon. 

2512.  Influence  not  to  be  hastily  refected,  —  In  the  spirit  €( 
true  philosophy,  M.  Arago,  nevertheless,  recommends  caution 
in  deciding  against  this  influence.  The  nervous  system,  says 
he,  is  in  many  instances  an  instrument  infinitely  more  delicate 
than  the  most  subtle  apparatus  of  modem  physics.  Who  does 
not  know  that  the  olfactory  nerves  inform  us  of  the  presence  of 
odoriferous  matter  in  air,  the  traces  of  which  the  most  refined 
physical  analysis  would  fail  to  detect  ?  The  mechanism  of  the 
eye  is  highly  affected  by  that  lunar  light  which,  even  condensed 
with  all  the  power  of  the  lai^est  burning  lense^  faib  to  affect 
by  its  heat  the  most  susceptible  thermometers,  or  by  its  che« 
mical  influence,  the  chlcuride  of  silver ;  yet  a  small  portion  of 
this  light  introduced  through  a  pin-hole  will  be  sufficiait  to 
produce  an  instantaneous  contraction  of  the  pupil ;  nevertheless 
the  int^^ments  of  this  membrane,  so  sensible  to  lights  appear 
to  be  completely  inert  when  otherwise  affected.  The  pupil  re* 
mains  unmoved,  whether  we  scrape  it  with  the  point  of  a  needle, 
moisten  it  with  liquid  acids,  or  impart  to  its  surface  electric 
sparks.  The  retina  itself,  which  sympathises  with  the  pnpil,  is 
insensible  to  the  influence  of  the  most  active  mechanical  agenta» 

•  Phenomena  so  mysterious  should  teach  us  with  what  reserve  we 
should  reason  on  analogies  drawn  from  experiments  made  upon 
inanimate  substances,  to  the  far  diflbrent  and  more  difficult  case 
of  organised  matter  endowed  with  life* 
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CHAP.  X. 

THE  TIDES  AND  TRADE  WINDb. 

2513.  Correspondence  between  the  recurrence  of  the  tides 
and  the  diurnal  appearance  of  the  moon, — The  phenomena  of 
the  tides  of  the  ocean  are  too  remarkable  not  to  have  attracted 
notice  at  an  early  period  in  the  progress  of  knowledge.  The 
intervals  between  the  epochs  of  high  and  low  water  eTer3rwhere 
corresponding  with  the  intervals  between  the  passage  of  the 
moon  over  the  meridian  above  and  below  the  horizon,  suggested 
natnrallj  the  physical  connection  between  these  two  effects^  and 
indicated  the  probability  of  the  cause  of  the  tides  being  found  in 
the  motion  of  the  moon. 

2514.  Erroneous  notions  of  the  lunar  influence. — There  are 
few  subjects  in  physical  science  about  which  more  erroneous 
notions  prevail  among  those  who  are  but  a  little  informed. 
A  common  idea  is,  that  the  attraction  of  the  moon  draws  the 
waters  of  the  earth  toward  that  side  of  the  globe  on  which  it 
happens  to  be  placed,  and  that  consequently  they  are  heaped 
np  on  that  side,  so  that  the  oceans  and  seas  acquire  there  a 
greater  depth  than  elsewhere ;  and  that  high  water  will  thus 
take  place  under,  or  nearly  under,  the  moon.  But  this  does 
not  correspond  with  the  fact.  High  water  is  not  produced  merely 
under  the  moon,  but  is  equally  produced  upon  those  parts  most 
removed  from  the  moon.  Suppose  a  meridian  of  the  earth  so 
selected,  that  if  it  were  continued  beyond  the  earth,  its  plane 
would  pass  through  the  moon  ;  we  find  that,  subject  to  certain 
modifications,  a  great  tidal  wave,  or  what  is  called  high  water, 
wiU  be  formed  on  both  sides  of  this  meridian  ;  that  is  to  say, 
on  the  side  next  the  moon,  and  on  the  side  remote  from  the 
moon*  As  the  moon  moves,  these  two  great  tidal  waves  follow 
her.  They  are  of  course  separated  from  each  other  by  half  the 
circumference  of  the  globe.  As  the  globe  revolves  with  its 
^diurnal  motion  upon  its  axis,  every  part  of  its  surface  passes 
successively  under  these  tidal  waves ;  and  at  all  such  parts,  as 
they  pass  under  them,  there  is  the  phenomenon  of  high  water. 
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Hence  it  is  that  in  all  places  there  are  two  tides  dailj,  having 
an  interval  of  aboat  twelve  hoars  between  them.  Now,  if  the 
common  notion  of  the  cause  of  the  tides  were  well  founded, 
there  would  be  onlj  one  tide  dailj— viz.,  that  which  would  take 
place  when  the  moon  is  at  or  near  the  meridian. 

2515.  The  moon*s  aUracthn  alone  will  not  explain  the  tides. 
— >That  the  moon's  attraction  upon  the  earth  simplj  considered 
would  not  explain  the  tides  is  easily  shown.  Let  us  suppose 
that  the  whole  mass  of  matter  on  the  earth,  including  the  waters 
which  partiallj  cover  it,  were  attracted  equally  by  the  moon ; 
they  would  then  be  equidly  drawn  toward  that  body,  and  no 
reason  would  exist  why  they  should  be  heaped  up  under  the 
moon  ;  for  if  they  were  drawn  with  the  same  force  as  that  with 
which  the  solid  globe  of  the  earth  under  them  is  drawn,  there 
would  be  no  reason  for  supposing  that  the  waters  would  have  a 
greatei*  tendency  to  collect  toward  the  moon  than  the  solid 
bottom  of  the  ocean  on  which  they  rest.  In  short,  the  whole 
mass  of  the  earth,  solid  and  fluid,  being  drawn  with  the  same 
force,  would  equally  tend  toward  the  moon  ;  and  its  parts,  whe- 
ther solid  or  fluid,  would  preserve  among  themselves  the  same 
relative  position  as  if  they  were  not  attracted  at  all. 

2516.  Tides  caused  by  the  difference  of  the  attractions  on 
different  parts  of  the  earth. — When  we  observe,  however, 
in  a  mass  composed  of  various  particles  of  matter,  that  the 
relative  arrangement  of  these  particles  is  disturbed,  some  being 
driven  in  certain  directions  more  than  others,  the  inference  is, 
that  the  component  parts  of  such  a  mass  must  be  placed  under 
the  operation  of  different  forces ;  those  which  tend  more  than 
others  in  a  certain  direction  being  driven  with  a  proportionally 
greater  force.  Such  is  the  case  with  the  earth,  placed  under 
the  attraction  of  the  moon.  And  this  is>  in  fact,  what  must 
happen  under  the  operation  of  an  attractive  force  like  that  of 
gravitation,  which  diminishes  in  its  intensity  as  the  square  of 
the  distance  increases. 

Let  A,  B,  o,  D,  E,  F,  G,  H,  jfig.  727.,  represent  the  globe  of 
the  earth,  and,  to  simplify  the  explanation,  let  us  first  suppose 
the  entire  surface  of  the  globe  to  be  covered  with  water.  Let 
H,  the  moon,  be  placed  at  the  distance  m  h  from  the  nearest^ 
point  of  the  surface  of  the  earth.  Now  it  will  be  apparent  that 
the  various  points  of  the  earth's  surface  are  at  different  dis- 
tances from  the  moon  m.    a  and  o  are  more  remote  thaa  H ; 
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BF  still  more  remote;  oandE  more  distant  again,  and  Dmore 
remote  than  all.     The  attraction  which  the  moon  exercises  at 


Fig.  727. 

H  iSy  therefore,  greater  than  that  which  it  exercises  at  ▲  and  o, 
and  still  greater  than  that  which  it  produces  at  b  and  f  ;  and 
the  attraction  which  it  exercises  at  d  is  least  of  alL  Now  this 
attraction  equally  affects  matter  in  every  state  and  condition. 
It  affects  the  particles  of  fluid  as  well  as  solid  matter  ;  but  there 
is  this  difference,  that  where  it  acts  upon  solid  matter,  the  com- 
ponent parts  of  which  are  at  different  distances  from  it,  and 
therefore  subject  to  different  attractions,  it  will  not  disturb  the 
relative  arrangement,  since  such  disturbances  or  disarrange- 
ments are  prevented  by  the  cohesion  which  characterises  a  solid 
body;  but  this  is  not  the  case  with  fluids,  the  particles  of  which 
are  mobile. 

The  attraction  which  the  moon  exercises  upon  the  shell  of 
water,  which  is  collected  immediately  under  it  near  the  point  z, 
ia  greater  than  that  which  it  exercises  upon  the  solid  mass  of 
the  globe;  consequently  there  will  be  a  greater  tendency  of  this 
attraction  to  draw  the  fluid  which  rests  upon  the  surface  at  h 
toward  the  moon,  than  to  draw  the  solid  mass  of  the  earth  which 
is  more  distant. 

As  the  fluid,  by  its  nature,  is  free  to  obey  this  excess  of  at- 
traction, it  will  necessarily  heap  itself  up  in  a  pile  or  wave  over 
H,  forming  a  convex  protuberance,  as  represented  between  r 
and  t.  Thus  high  water  will  take  place  at  h,  immediately 
under  the  moon.  The  water  which  thus  collects  at  h  will  ne- 
cessarily flow  from  the  regions  b  and  f,  where  therefore  there 
will  be  a  diminished  quantity  in  the  same  proportion. 

But  let  us  now  consider  what  happens  to  that  part  of  the 
earth  d.  Here  the  waters,  being  more  remote  from  the  moon 
than  the  solid  mass  of  the  earth  under  them,  will  be  less  at- 
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tracted,  and  consequentlj  will  have  a  less  tendency  to  gravitate 
toward  the  moon.  The  solid  mass  of  the  earth,  dh,  will,  as  it 
were,  recede  from  the  waters  at  n,  in  virtue  of  the  excess  of 
attraction,  leaving  these  waters  behind  it,  which  will  thos  be 
heaped  up  at  n,  so  as  to  form  a  convex  protuberance  between  / 
and  kj  similar  exactly  to  that  which  we  have  already  described 
between  r  and  i.  As  the  difference  between  the  attraction  of 
the  moon  on  the  waters  at  z  and  the  solid  earth  under  the  waters 
is  nearly  the  same  as  the  difference  between  its  attraction  on 
the  latter  and  upon  the  waters  at  n,  it  follows  that  the  height 
of  the  fluid  protuberances  at  z  and  n  are  equaL  In  other 
^ords,  the  height  of  the  tides  on  opposite  sides  of  the  earth, 
the  one  being  under  the  moon  and  the  other  roost  remote  from 
it,  are  equal. 

It  appears,  therefore,  that  the  cause  of  the  tides,  so  far  as  the 
action  of  the  moon  is  concerned,  is  not,  as  is  vulgarly  supposed,- 
the  mere  attraction  of  the  moon ;  since,  if  that  attraction  were 
equal  on  all  the  component  parts  of  the  earth,  there  would  as<- 
suredly  be  no  tides.  We  are  to  look  for  the  cause,  not  in  the 
attraction  of  the  moon,  but  in  the  ineqtialUy  of  its  attraction 
on  different  parts  of  the  earth.  The  greater  this  inequality  is, 
the  greater  will  be  the  tides.  Hence,  as  the  moon  is  subject  to 
a  slight  variation  of  distance  from  the  earth,  it  will  follow,  that 
when  it  is  at  its  least  distance,  or  at  the  point  called  perigee^ 
the  tides  will  be  greatest ;  and  when  it  is  at  the  greatest  dis- 
tance, or  at  the  point  called  apogee^  the  tides  will  be  least ; 
not  because  the  entire  attraction  of  the  moon  in  the  former 
case  is  greater  than  in  the  latter,  but  because  the  diameter  of 
the  globe  bearing  a  greater  proportion  to  the  lesser  distance 
than  the  greater,  there  will  be  a  greater  tit^tio/t/^  of  attraction. 

2517.  Effects  of  sufCn  attraction.  —  It  will  occur  to  those 
who  bestow  on  these  observations  a  little  reflection,  that  all 
which  we  have  stated  in  reference  to  the  effects  produced  by 
the  attraction  of  the  moon  upon  the  earth,  will  also  be  applica- 
ble to  the  attraction  of  the  sun.  This  is  undoubtedly  true;  but 
in  the  case  of  the  sun  the  effects  are  modified  in  some  very 
important  respects.  The  sun  is  at  400  times  a  greater  distance 
than  the  moon,  and  the  actual  amount  of  its  attraction  on  the 
earth  would,  on  that  account,  be  160,000  times  less  than  that 
of  the  moon ;  but  the  mass  of  the  sun  exceeds  that  of  the  moon 
in  a  much  greater  ratio  than  that  of  160,000  to  1.  It  there- 
fore possesses  a  much  greater  attracting  power  in  virtue  of  its 
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mass,  compared  with  the  moon^  than  it  loses  by  its  greater  dis- 
tance. It  exercises,  therefore,  upon  the  earth  an  attraction 
enormously  greater  than  the  moon  exercises.  Now,  if  the  simple 
amount  of  its  attraction  were,  as  is  commonly  supposed,  the 
cause  of  the  tides,  the  sun  ought  to  produce  a  vastly  greater 
tide  than  the  moon.  The  reverse  is,  however,  the  case,  and  the 
cause  is  easily  explained.  Let  it  be  remembered  that  the  tides 
are  due  solely  to  the  inequality  of  the  attraction  on  different 
sides  of  the  earth,  and  the  greater  that  inequality  is,  the  greater 
will  be  the  tides,  and  the  less  that  inequality  is,  the  less  will  be 
the  tides. 

In  the  case  of  the  sun,  the  total  distance  is  12,000  diameters 
of  the  earth,  and  consequently  the  difference  between  its  disr 
tances  from  the  one  side  and  the  other  of  the  earth  will  be  only 
the  12,000th  part  of  the  whole  distance,  while  in  the  case  of 
the  moon,  the  total  distance  being  only  80  diameters  of  the 
earth,  the  difference  of  the  distances  from  one  side  and  the  other 
is  the  30th  part  of  the  whole  distance.  The  inequality  of  the 
attraction,  upon  which  alone,  and  not  on  its  whole  amount,  the 
production  of  the  tidal  wave  depends,  is  therefore  much  greater 
in  the  case  of  the  moon.  According  to  Newton's  calculation, 
the  tidal  wave  due  to  the  moon  is  greater  in  height  than  that 
due  to  the  sun  in  the  ratio  of  58  to  23,  or  2^  to  1  very  nearly. 

2518.  Cause  of  spring  and  neap  tides.  —  There  is,  therefore, 
a  solar  as  well  as  a  lunar  tide  wave,  the  former  being  much  less 
elevated  than  the  latter,  and  each  following  the  luminary  from 
which  it  takes  its  name.  When  the  sun  and  moon,  there* 
fore,  are  either  on  the  same  side  of  the  earth,  or  on  the  opposite 
^des  of  the  earth — in  other  words,  when  it  is  new  or  full  moon— r 
their  effects  in  producing  tides  are  combined,  and  the  spring 
tide  is  produced,  the  height  of  which  is  equal  to  the  solar  and 
lunar  tides  taken  together. 

On  the  other  hand,  when  the  sun  and  moon  are  separated 
from  each  other  by  a  distance  of  one  fourth  of  the  heavens,  that 
is,  when  the  moon  is  in  the  quarters,  the  effect  of  the  solar  tide 
has  a  tendtocy  to  diminish  that  of  the  lunar  tide. 
'  The  tides  produced  by  the  combination  of  the  lunar  and  solar 
tide  waves  at  the  time  of  new  and  full  moon  are  called  sPRma 
unDfM ;  and  those  produced  by  the  lunar  wave  diminished  by  the 
^bct  of  the  solar  wave  at  the  quarters  ate  called  nrap  tides.  ' 
.2519.  Why  the  tides  are  not  produced  directly  under  the 
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fiUHm. — If  physical  effects  followed  immediatelj,  without  anj 
appreciable  interval  of  time,  the  operation  of  their  causes^  then 
the  tidal  wave  produced  by  the  moon  would  be  on  the  meridian 
of  the  earth  directly  under  and  opposite  to  that  luminary ;  and 
the  same  would  be  true  of  the  solar  tides.  But  the  waters  oi 
the  globe  have,  in  common  with  all  other  matter,  the  property 
of  inertia,  and  it  takes  a  certain  interval  of  time  to  impress  upon 
them  a  certain  change  of  position.  Hence  it  follows  that  the 
tidal  wave  produced  by  the  moon  is  not  formed  immediately 
under  that  body,  but  follows  it  at  a  certain  distance.  In  conse- 
quence of  this,  the  tide  raised  by  the  moon  does  not  take  place 
for  two  or  three  hours  afVer  the  moon  passes  the  meridian ;  and 
as  the  action  of  the  sun  is  still  more  feeble,  there  is  a  still 
greater  interval  between  the  transit  of  the  sun  and  occurrence 
of  the  solar  tide. 

2520.  Priming  and  lagging  of  the  tides. — But  besides 
these  circumstances,  the  tide  is  affected  by  other  causes.  It  is 
not  to  the  separate  effect  of  either  of  these  bodies,  but  to  the 
combined  effect  of  both,  that  the  effects  are  due ;  and  at  eveiy 
period  of  the  month,  the  time  of  actual  high  water  is  either  ac- 
celerated or  retarded  by  the  sun.  In  the  first  and  third  quar- 
ters of  the  moon,  the  solar  tide  is  westward  of  the  lunar  one ; 
and,  consequently,  the  actual  high  water,  which  is  the  result  of 
the  combination  of  the  two  waves,  will  be  to  the  westward  of 
the  place  it  would  have  if  the  moon  acted  alone,  and  the  time 
of  high  water  will  therefore  be  accelerated.  In  the  second  and 
fourth  quarters  the  general  effect  of  the  sun  is,  for  a  similar 
reason,  to  produce  a  retardation  in  the  time  of  high  water.  This 
effect,  produced  by  the  sun  and  moon  combined,  is  what  is  com- 
monly called  the  priming  and  lagging  of  the  tides.  The  highest 
spring  tides  occur  when  the  moon  passes  the  meridian  about  an 
hour  after  the  sun;  for  then  the  maximum  effect  of  the  two 
bodies  coincides. 

2521.  Researches  of  JVheweU  and  Lubbock.  —  The  subject  of 
the  tides  has  of  late  years  received  much  attention  from  several 
scientific  investigators  in  Europe.  The  discussions  held  at  the 
Annual  meetings  of  the  British  Association  for  the  Advancement 
of  Science,  on  this  subject,  have  led  to  the  development  of  much 
useful  information.  The  labours  of  Professor  Whewell  have 
been  especially  valuable  on  these  questions.  Sir  John  Lubbock 
has  also  published  a  valuable  treatise  upon  it.  To  trace  the 
results  of  these  investigations  in  all  the  details  which  would 
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render  them  clear  and  intelligible,  would  greatly  transcend  tlie 
necessary  limits  of  this  volume.  We  shall,  however,  briefly 
advert  to  a  few  of  the  most  remarkable  points  connected  with 
these  questions. 

2522.  Vulvar  and  corrected  e$tabli$hmenL  —  The  apparent 
time  of  high  water  at  any  port  in  the  afternoon  of  the  day  of 
new  or  full  moon,  is  what  is  usually  called  the  establishment  of 
the  porL  Professor  Whewell  calls  this  the  vulgar  establishment, 
and  he  calls  the  corrected  establishment  the  mean  of  all  the  in- 
tervals of  the  tides  and  transit  of  half  a  month.  This  corrected 
establishment  is  consequently  the  luni-tidal  interval  correspond- 
ing to  the  day  on  which  the  moon  passes  the  meridian  at  noon 
ct  midnight 

2523.  Diurnal  inequality.  —  The  two  tides  immediately  foU 
lowing  one  another,  or  the  tides  of  the  day  and  night,  vary,  both 
in  height  and  time  of  high  water  at  any  particular  place,  with 
the  distance  of  the  sun  and  moon  from  the  equator.  As  the 
Tcrtex  of  the  tide  wave  always  tends  to  place  itself  vertically 
under  the  luminary  which  produces  it,  it  is  evident  that  of  two 
consecutive  tides  that  which  happens  when  the  moon  is  nearest 
$he  zenith  or  nadir  will  be  greater  than  the  other ;  and,  conse- 
quently, when  the  moon's  declination  is  of  the  same  denomina- 
tion as  the  latitude  of  the  place,  the  tide  which  corresponds  to 
the  upper  transit  will  be  greater  than  the  opposite  one,  and  vice 
versoy  the  difference  being  greatest  when  the  sun  and  moon 
are  in  opposition,  and  in  opposite  tropics.  This  is  called  the 
DiUBNAL  INEQUALITY,  bccausc  its  cyclc  is  ouc  day ;  but  it  varies 
greatly  at  different  places,  and  its  laws,  which  appear  to  be 
governed  by  local  circumstances,  are  very  imperfectly  known. 

2524.  Local  effects  of  the  land  upon  the  tides,  —  We  have 
now  described  the  principal  phenomena  that  would  take  place 
were  the  earth  a  sphere,  and  covered  entirely  with  a  fluid  of 
uniform  depth.  But  the  actual  phenomena  of  the  tides  are 
infinitely  more  complicated.  From  the  interruption  of  the  land, 
imd  the  irregular  form  and  depth  of  the  ocean,  combined  with 
many  other  disturbing  circumstances,  among  which  are  the 
inertia  of  the  waters,  the  friction  on  the  bottom  and  sides,  the 
narrowness  and  length  of  the  channels,  the  action  of  the  win^ 
currents,  difference  of  atmospheric  pressure,  &c.,  &c.,  great 
variation  takes  place  in  the  mean  times  and  heights  of  high 
water  at  places  differently  situated. 
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2525.  Veloeiiy  of  tidal  wave.  —  In  the  open  ocean  the  crest 
of  tide  travels  with  enormous  velocity.  If  the  whole  surface 
were  uniformlj  covered  with  water,  the  summit  of  the  tide 
wave,  being  mainly  governed  by  the  moon>  would  everywhere 
follow  the  moon's  transit  at  the  same  interval  of  time,  and  con- 
sequently travel  round  the  earth  in  a  little  more  than  twenty- 
four  hours.  But  the  circumference  of  the  earth  at  the  equator 
being  about  25,000  miles,  the  velocity  of  propagation  would 
ther^ore  be  about  1,000  miles  per  hour.  The  actual  velocity 
is,  perhaps,  nowhere  equal  to  this,  and  is  very  different  at 
different  places.  In  latitude  60^  south,  where  there  is  no 
interruption  from  land  (excepting  the  narrow  promontory  of 
Patagonia),  the  tide  wave  will  complete  a  revolution  in  a  lunar 
day,  and  consequently  travel  at  the  rate  of  670  miles  an  hour. 
On  examining  Mr.  Whewell's  map  of  ootidal  lines,  it  will  be  seen 
that  the  great  tide  wave  from  the  Southern  Ocean  travels  from 
the  Cape  of  Grood  Hope  to  the  Azores  in  about  twelve  hours, 
and  from  the  Azores  to  the  southernmost  part  of  Ireland  in 
about  three  hours  more.  In  the  Atlantic,  the  hourly  velocity 
in  some  cases  appears  to  be  10^  latitude,  or  near  700  milesy 
which  is  almost  equal  to  the  velocity  of  sound  through  the  air. 
From  the  south  point  of  Ireland  to  the  north  point  of  Scotland, 
the  time  is  eight  hours,  and  the  velocity  about  160  miles  an 
hour  along  the  shore.  On  the  eastern  coast  of  Britain,  and  in 
shallower  water,  the  velocity  is  less.  From  Buchanness  to 
Sunderland  it  is  about  60  miles  an  hour ;  from  Scarborough  to 
Cromer,  35  miles];  from  the  North  Foreland  to  London,  30 
miles;  from  London  to  Richmond,  18  miles  an  hour  in  that 
part  of  the  river.  (Whewell,  FhiL  Trans.  1833  and  1336.) 
It  is  scarcely  necessary  to  remind  the  reader  that  the  above 
velocities  refer  to  the  transmission  of  the  undulation,  and  are 
entirely  different  from  the  velocity  of  the  current  to  which  the 
tide  gives  rise  in  shallow  water. 

2526.  Range  of  the  tides.  —  The  difference  of  level  between 
high  and  low  water  is  affected  by  various  causes,  but  chiefly  by 
the  configuration  of  the  land,  and  is  very  different  at  different 
places.  In  deep  inbends  of  the  shore,  open  in  the  direction  of 
the  tide  wave  and  gradually  contracting  like  a  funnel,  the  con- 
vergence of  water  causes  a  very  great  increase  of  the  range. 
Hence  the  very  high  tides  in  the  Bristol  Channel,  the  Bay  of  St. 
Malo^  and  the  Bay  of  Fundy,  where  the  tide  is  said  to  rise  some- 
times to  the  height  of  one  hundred  feet    Promontories,  under 
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Certain  circamstances,  exert  an  opposite  influence^  and  diminish 

the  magnitude  of  the  tide.  The  observed  ranges  are  also  very 
anomalous.    At  certain  places  on  the  south-east  coast  of  Ire* 

land,  the  range  is  not  more  than  three  feet,  while  at  a  little  dis« 
tance  on  each  side  it  becomes  twelve  or  thirteen  feet ;  and  it  is 
remarkable  that  these  low  tides  occnr  directly  opposite  the 
Bristol  Channel,  where  (at  Chepstow)  the  difference  between 
high  and  low  water  amounts  to  sixty  feet.  In  the  middle  of 
the  Pacific  it  amounts  to  only  two  or  three  feet.  At  the  London 
Docks,  the  average  range  is  about  22  feet ;  at  Liverpool,  16*5 
feet;  at  Portsmouth,  12*5  feet ;  at  Plymouth,  also  12*5  feet ;  at 
Bristol,  33  feet. 

2527.  Tides  affected  by  the  atmosphere.  —  Besides  the  nu« 
merous  causes  of  irregularity  depending  on  the  local  circum* 
stances,  the  tides  are  also  affected  by  the  state  of  the  atmosphere. 
At  Brest,  the  height  of  high  water  varies  inversely  as  the  height 
of  the  barometer,  and  rises  more  than  eight  inches  for  a  fall  of 
about  half  an  inch  of  the  barometer.  At  Liverpool,  a  fall  of  one- 
tenth  of  an  inch  in  the  barometer  corresponds  to  a  rise  in  the 
river  Mersey  of  about  an  inch ;  and  at  the  London  Docks,  a  fall 
of  one-tenth  of  an  inch  corresponds  to  a  rise  in  the  Thames  of 
about  seven-tenths  of  an  inch.  With  a  low  barometer,  there- 
fore, the  tide  may  be  expected  to  be  high,  and  vice  versa.  The 
tide  is  also  liable  to  be  disturbed  by  winds.  Sir  John  Lubbock 
states  that,  in  the  violent  hurricane  of  January  8.  1839,  there 
was  no  tide  at  Gainsborough,  which  is  twenty-five  miles  up  the 
Trent  —  a  circumstance  unknown  before.  At  Saltmarsh,  only 
^\%  miles  up  the  Ouse  from  the  Humber,  the  tide  went  on  ebb- 
ing, and  never  flowed  until  the  river  was  dry  in  some  places  \ 
while  at  Ostend,  toward  which  the  wind  was  blowing,  contrary 
effects  were  observed.  During  strong  north-westerly  gales  the 
tide  marks  high  water  earlier  in  the  Thames  than  oth^rwise^ 
and  does  not  give  so  much  water,  while  the  ebb  tide  runs  out 
late,  and  marks  lower ;  but  upon  the  gales  abiU;ing  and  weather 
moderating,  the  tides  put  in  and  rise  much  higher,  while  they 
also  run  longer  before  high  water  is  marked,  and  with  more 
velocity  of  current :  nor  do  they  run  out  so  long  or  so  ioif . 

2628.  The  trade  winds. — ^The  great  atmospheric  currents  thus 
denominated,  from  the  advantages  which  navigation  has  derived 
firom  them,  as  well  as  other  currents  arising  from  the  same 
eaoses,  are  produced  by  the  unequal  exposure  of  the  atmos- 

.  pberic  ocean,  which  coats  the  terrestial  globe,  to  the  action  of 
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aolar  heat ;  the  expansion  and  contraction  that  air,  in  common 
with  all  gaseoua  bodies,  suffers  from  increase  and  diminution  of 
temperature;  the  tendency  which  lighter  fluids  have  to  rise 
through  heavier ;  and,  in  fine,  the  rotation  of  the  earth  upon  its 
axis. 

The  regions  in  which  the  tradks  prevail  are  two  great  tropi- 
cal belts  extending  through  a  certain  limited  number  of  degrees 
north  and  south  of  the  line,  but  not  prevailing  on  the  line  itself^ 
the  atmospherical  character  of  which  is  an  almost  constant  calm. 
The  permanent  currents  blow  in  the  northern  tropical  belt  from 
the  north-east,  and  in  the  southern  from  the  souUi-east 

On  the  other  hand,  in  the  higher  latitudes  of  both  hemi- 
spheres the  prevalent  atmospheric  currents  are  directed  from 
west  to  east,  redressing,  as  it  were,  the  disturbance  produced  by 
the  trades. 

To  understand  the  cause  of  these  phenomena,  it  is  necessary 
to  remember  that  the  sun,  never  departing  more  than  23^^  from 
the  celestial  equator,  is  vertical  daily  to  different  points  around 
the  tropical  regions,  the  rotation  of  the  earth  bringing  these 
points  successively  under  his  disk.  The  sun,  at  noon,  for  places 
within  the  tropics,  is  never  so  much  as  28^^  from  the  zenith* 
The  intertropical  zone  from  these  causes  becomes  much  more 
intensely  heated  upon  its  surface  than  the  parts  of  either  hemi- 
sphere at  higher  latitudes.  This  heat,  reflected  and  radiated 
upon  the  incumbent  atmosphere,  causes  it  to  expand  and  become 
specifically  lighter,  and  it  ascends  as  smoke  and  heated  air  do 
in  a  chimney.  The  space  it  deserts  is  filled  by  colder  and 
therefore  heavier  air,  which  rushes  in  from  the  higher  parts  of 
either  hembphere ;  while  the  air  thus  displaced,  raised  by  its 
buoyancy  above  its  due  level,  and  unsustained  by  any  lateral 
pressure,  flows  down  towards  either  pole,  and,  being  cooled 
in  its  course  and  rendered  heavier,  it  descends  to  the  surface  of 
the  gbbe  at  those  upper  latitudes  from  which  the  air  had  been 
sucked  in  towards  the  line  by  its  previous  ascent 

A  constant  circulation  and  an  interchange  of  atmosphere 
between  the  intertropical  and  extratropical  r^ons  of  the 
earth  would  thus  take  place,  the  air  ascending  from  the  inter- 
tropical surface  and  then  flowing  towards  the  extratropical 
regions,  where  it  descends  to  the  surface  to  be  again  sucked 
towards  the  line. 

But  in  this  view  of  the  effects^  the  rotation  of  the  earth  on  its 
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axis  is  not  ooiiBidered*  In  that  rotation  the  atmospbere  par^ 
ticipates.  The  air  which  rises  from  the  intertropical  surfaces 
carries  with  it  the  Telocity  of  that  surface,  which  is  at  the  rate 
of  about  1,000  miles  an  hour  from  west  to  east.  This  velocitj  it 
retains  to  a  considerable  extent  after  it  has  passed  to  the  higher 
latitudes  and  descended  to  the  surface,  which  moving  with  much 
less  velocity  from  west  to  east,  there  is  an  effective  current  pro- 
duced in  that  direction  equivalent  to  the  excess  of  the  eastward 
motion  of  the  air  over  the  eastward  motion  of  the  surface  of  the 
earth.  Hence  arises  the  prevalent  westward  winds,  especially 
at  sea,  where  causes  of  local  disturbance  are  not  frequent,  which 
are  so  familiar,  and  one  of  the  effects  of  which  has  been,  that^ 
while  the  average  length  of  the  trip  of  good  sailing  vessels  from 
New  York  to  Liverpool  has  been  only  twenty  days,  that  of  the 
trip  from  Liverpool  to  New  York  has  been  thirty-five  days. 

By  the  friction  of  the  earth  and  other  causes,  the  air,  however, 
next  the  surface,  at  length  acquires  a  common  velocity  with  it, 
and  when  it  is,  as  above  described,  sucked  towards  the  line  to 
fill  the  vacuum  produced  by  the  air  drawn  upwards  by  the  solar 
heat,  it  carries  with  it  the  motion  from  west  to  east  which  it 
had,  in  common  with  the  surface,  at  the  higher  latitudes.  But 
the  surface  at  the  line  has  a  much  greater  velocity  than  this 
from  west  to  east.  The  surface,  therefore,  and  all  objects  upon 
it,  are  carried  against  the  air  with  the  relative  velocity  of  the 
surface  and  the  air,  that  is  to  say,  with  the  effect  of  the  difference 
of  their  velocities.  Since  the  surface,  and  the  objects  upon  it, 
are  carried  eastward  at  a  much  less  rate  than  tiie  air  which 
has  just  descended  from  the  higher  latitudes,  they  will  strike 
against  the  air  with  a  force  proportional  to  the  difference  of 
their  velocities,  and  this  force  will  have  a  direction  contrary  to 
that  of  the  motion  of  the  surface,  that  is  to  say,  from  east  to  west 

But  it  must  be  considered  that  this  eastward  force,  due  to  the 
motion  of  the  earth's  surface,  is  combined  with  the  force  with 
which  the  air  moves  from  the  extratropical  regions  towards  the 
line.  Thus,  in  the  northern  hemisphere,  the  force  eastward  is 
combined  with  the  motion  of  the  air  from  north  to  south,  and 
the  resultant  of  these  forces  is  that  north-east  current  which 
actually  prevails ;  while,  for  like  reasons,  south  of  the  line,  the 
motion  of  the  air  from  south  to  north,  being  combined  with  the 
force  eastward,  produces  the  south-eastern  current  which  pre* 
vails  south  of  the  line. 
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Were  any  oonsiderable  mass  of  air,  as  Sir  J.  Herscbel 
observes,  to  be  suddenly  transferred  from  beyond  the  tropics  to 
the  equator,  the  difference  of  the  rotatory  velocities  proper  to 
the  two  situations  would  be  so  great,  as  to  produce,  not  merely 
a  wind,  but  a  tempest  of  the  most  destructive  violence ;  and  the 
same  observation  would  be  equally  applicable  to  masses  of  ^ir 
transported  in  the  contrary  direction.  But  this  is  not  the  case '; 
the  advance  of  the  air  is  gradual,  and  all  the  while  the  earth  is 
continually  acting  on  the  air,  and  by  the  friction  of  its  surface 
accelerating  or  retarding  its  veloci^.  Supposing  its  progress 
to  cease  at  any  point,  this  cause  would  almost  immediately  com-* 
muhicate  to  it  the  deficient  or  deprive  it  of  the  excessive  motion 
of  rotation,  after  which  it  would  revolve  quietly  with  the  earth 
and  be  at  relative  rest.  We  have  only  to  call  to  mind  the  com- 
parative thinness  of  the  coating  of  air  with  which  the  globe  is 
invested  (2323)  and  its  immense  mass,  exceeding,  as  it  does, 
the  weight  of  the  atmosphere  at  least  100,000,000  times,  to  ap- 
preciate the  absolute  command  of  any  extent  of  territory  of  the 
earth  over  the  atmosphere  immediately  incumbent  upon  it* 

It  appears,  therefore,  that  these  currents,  as  they  approach 
the  equator  on  the  one  side  and  the  other,  must  gradually  lose 
their  force;  their  exciting  cause  being  Uie  difference  of  the 
mi^itude  of  the  parallek  of  latitude ;  and  this  difference  being 
evanescent  near  the  line,  and  very  inconsiderable  within  many 
degrees  of  it,  the  equalising  force  of  the  earth  above  described 
is  allowed  to  take  full  effect :  but,  besides  this,  the  currents 
directed  from  the  two  poles  encounter  each  other  at  the  line, 
and  destroy  each  other^s  force.  Hence  arises  the  prevalence  of 
those  calms  which  characterise  the  line. 


CHAP.  XL 

THB  SUN. 


2529.  Apparent  and  real  magniiude. —  Owing  to  the  ellip* 
ticity  of  the  earth's  orbit,  the  distance  of  the  sun  is  subject  to  a 
periodical  variation,  which  causes,  as  has  been  already  explained, 
a  corresponding  variation  in  its  apparent  magnitude.  Its 
greatest  apparent  diameter,  when  in  perihelion,  is  32^  35^*6,  or 
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1955"'Sy  and  its  least  apparent  magnitude,  when  in  aphelion,  is 
31^  3(y\  or  1890^^  Its  mean  apparent  diameter  is  therefore 
1923". 

It  has  been  already  (2457)  shown  that  the  linear  value  of  1" 
at  the  snn's  distance  is  466  miles.  It  follows,  therefore,  that 
the  actual  length  of  the  diameter  of  the  globe  of  the  sun  is 

1923  X  466  =  896,118  miles. 

The  real  magnitude  of  the  sun  may  also  be  easily  inferred  in 
tonnd  numbers  from  that  of  the  moon.  The  apparent  diameter 
of  the  moon  being  equal  in  round  numbers  to  that  of  the  sun^ 
and  the  distance  of  the  sun  being  400  times  greater  than  that 
of  the  moon,  it  follows  that  the  real  diameter  of  the  sun  must  be 
400  times  greater  than  that  of  the  moon*  It  must,  therefore,  b0 

2163  X  400  =  861,200  miles. 

By  methods  of  calculation  susceptible  of  closer  approximatioii 
than  these,  it  has  been  found  that  the  magnitude  is  882,000 
miles,  or  1 1 1-,^  times  the  diameter  of  the  earth. 

2530.  Magnitude  of  the  sun  illustrated. -^Magmiudea  such 
as  that  of  the  sun  so  far  transcend  all  standards  with  which  the 
mind  is  familiar,  that  some  stretch  of  imagination,  and  some 
effort  of  the  understanding,  are  necessary  to  form  a  conception, 
however  imperfect,  of  them.  The  expedient  which  best  serves 
to  obtain  some  adequate  idea  of  them  is,  to  compare  them  with 
some  standard,  stupendous  by  comparison  with  all  ordinary 
magnitudes,  yet  minute  when  compared  with  them. 

The  earth  itself  is  a  globe  8000  miles  in  diameter.  If  the 
sun  be  represented  by  a  globe  nine  feet  four  inches  in  diameter, 
the  earth  would  be  represented  by  a  globe  an  inch  in  diameter. 
K  the  orbit  of  the  moon,  which  measures  474,000  miles  in 
diameter,  were  filled  by  a  sun,  such  a  sun  might  be  placed 
within  the  actual  sun,  leaving  between  their  surfaces  a  distance 
of  200,000  miles.  Such  a  sun,  seen  from  the  earth,  would  have 
an  apparent  diameter  little  more  than  half  the  diameter  of  the 
actual  sun. 

2531.  Surface  and  volume. — Since  the  surfaces  of  globes 
are  as  the  squares,  and  their  volumes  as  the  cubes,  of  their 
diameters,  it  follows  that  the  surface  of  the  sun  must  be  12,500 
times,  and  its  volume  1,400,000  times,  greater  than  those  of  the 
earth. 
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Thns,  to  form  a  globe  like  the  bqii  it  would  be  necessary  to 
toll  seorlj  fourteen  hundred  thousand  globes  like  the  earth 
into  one. 

It  is  found,  by  considering  the  bulks  of  the  different  planets^ 
that  if  all  the  planets  and  satellites  in  the  solar  system  were 
moulded  into  a  single  globe,  that  globe  would  still  not  exceed 
the  fiye-hundredth  part  the  globe  of  the  sun :  in  other  words, 
the  bulk  of  the  sun  is  five  hundred  times  greater  than  the  aggre- 
gate bulk  of  all  the  rest  of  the  bodies  of  the  system. 

2532.  lis  mass  and  density, — By  methods  of  calculation  and 
observation,  which  will  be  explained  hereafter,  the  ratio  of  the 
mass  of  matter  composing  the  globe  of  the  sun,  to  the  mass  of 
matter  composing  the  earth,  has  been  ascertained  to  be  364,936 
tol. 

By  comparing  this  proportion  of  the  quantities  of  ponderable 
matter  in  the  sun  and  earth  with  their  relative  volumes,  it  will 
be  evident  that  the  mean  density  of  the  matter  composing  the 
Bun  must  be  about  four  timte  less  than  the  mean  density  of  the 
matter  composing  the  earth;  for  although  the  volume  of  the 
sun  exceeds  that  of  the  earth  in  the  ratio  of  1,400,000  to  1,  its 
weight  or  mass  exceeds  that  of  the  earth  in  the  lesser  ratio  of 
865,000  to  1,  the  latter  ratio  being  four  times  less  than  the 
former.  Bulk  for  bulk,  therefore,  the  sun  is  four  times  lighter 
than  the  earth. 

Since  the  mean  density  of  the  earth  is  6*67  times  that  of 
water  (2393),  it  follows  that  the  mean  density  of  the  sun  is  1*42 
times,  or  about  one  hal^  greater  than  that  of  water. 

From  the  comparative  lightness  of  the  matter  composing  it, 
Herschel  infers  the  probability  that  an  intense  heat  prevails  in 
its  interior,  by  which  its  elasticity  is  reinforced,  and  rendered 
capable  of  resisting  the  almost  inconceivable  pressure  due  to 
its  intrinsic  gravitation,  without  colhipsing  into  smaller  di- 
mensions. 

2633.  Form  and  rotaUan  —  axis  of  rotation. — Although  to 
minds  unaccustomed  to  the  rigour  of  scientific  research,  it  might 
appear  sufficiently  evident,  without  further  demonstration,  that 
the  sun  is  globular  in  its  form,  yet  the  more  exact  methods 
pursued  in  the  investigation  of  physics  demand  that  we  should 
find  more  conclusive  proof  of  the  sphericity  of  the  solar  orb  than 
the  mere  fact  that  the  disk  of  the  sun  is  always  circular.  It  is 
barely  possible,  however  improbable,  that  a  flat  circular  disk  of 


Digitized  by 


Google 


.  THE  SUN.  235 

matter,  the  face  of  which  should  always  be  presented  to  the  « 
earth,  might  be  the  form  of  the  sun ;  and  indeed  there  are  a 
great  varietj  of  other  forms  which,  by  a  particular  arrangement 
of  their  motions,  might  present  to  the  eye  a  circular  appear* 
ance  as  well  as  a  globe  or  sphere.  To  prove,  then,  that  a  body 
is  globular,  something  more  is  necessary  than  the  mere  fact  that 
it  always  appears  circular. 

When  a  telescope  is  directed  to  the  sun,  we  discover  npon  it 
certain  marks  or  spots,  of  which  we  shall  speak  more  fully  pre- 
sently. We  observe  that  these  marks,  while  they  preserve  the 
same  relative  position  with  respect  to  each  other,  move  regularly 
from  one  side  of  the  sun  to  the  other.  They  disappear,  and 
continue  to  be  invisible  for  a  certain  time,  come  into  view  again 
on  the  other  side,  and  so  once  more  pass  over  the  sun's  disk. 
This  is  an  effect  which  would  evidently  be  produced  by  marks 
on  the  surface  of  a  globe,  the  globe  itself  revolving  on  an  axis, 
and  carrjring  these  marks  upon  it.  That  this  is  the  case,  is 
abundantly  proved  by  the  fact  that  the  periods  of  rotation  for 
all  these  marks  are  found  to  be  exactly  the  same,  viz.,  about 
twenty-five  days  and  a  quarter,  or  more  exactly  26^'  7^'  48™* 
Such  is,  then,  the  time  of  rotation  of  the  sun  upon  its  axis, 
and  that  it  is  a  globe  remains  no  longer  doubtful,  since  a  globe 
is  the  only  body  which,  while  it  revolves  with  a  motion  of  ro« 
tatioD,  would  always  present  the  circular  appearance  to  the  eye. 
The  axis  on  which  the  sun  revolves  is  very  nearly  perpendi- 
cular to  the  plane  of  the  earth's  orbit,  and  the  motion  of  rotation 
is  in  the  same  direction  as  the  motion  of  the  planets  round  the 
sun,  that  is  to  say,  from  west  to  east 

2634.  Spots. — One  of  the  earliest  fruits  of  the  invention  of 
the  telescope  was  the  discovery  of  the  spots  upon  the  sun ;  and 
the  examination  of  these  has  gradually  led  to  some  knowledge 
of  the  physical  constitution  of  the  centre  of  attraction  and  the 
common  fountain  of  light  and  heat  of  our  system. 

When  we  submit  a  solar  spot  to  telescopic  examination,  we 
discover  its  appearance  to  be  that  of  an  intensely  black  irregu- 
larly shaped  patch,  edged  with  a  penumbral  fringe.  When 
watched  for  a  considerable  time,  it  is  found  to  undergo  a  gradual 
change  in  its  form  and  magnitude ;  at  first  increasing  gradually 
in  size,  until  it  attain  some  definite  limit  of  magnitude,  when  it 
ceases  to  increase,  and  soon  begins,  on  the  contrary,  to  diminish; 
and  its  diminution  goes  on  gradually,  until  at  length,  the  bright 
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udes  dosing  in  upon  the  dark  patch,  it  dwindles  first  to  a  mere 
pointy  and  finallj  disappears  altogether.  The  period  which 
ehipses  between  the' formation  of  the  spoty  its  gradual  enlarge^ 
ment,  subsequent  diminution,  and  final  disappearance,  is  very 
various.  Some  spots  appear  and  disappear  very  rapidLj,  while 
others  have  lasted  for  weeks  and  even  for  months. 

The  magnitude  of  the  spots,  and  the  velocities  with  which 
the  matter  composing  their  edges  and  fringes  moves,  as  they 
increase  and  decrease,  are  on  a  scale  proportionate  to  the 
dimensions  of  the  orb  of  the  sun  itsel£  When  it  is  considered 
that  a  space  upon  the  sun's  disk,  the  apparent  breadth  of  which 
is  only  a  minute,  actually  measures  (2457) 

466  X  60  =  27,960  miles, 

and  that  spots  have  been  frequently  observed,  the  apparent 
length  and  breadth  of  which  have  exceeded  2',  the  stupendous 
magnitude  of  the  regions  they  occupy  tnay  be  easily  conceived* 
The  velocity  with  which  the  luminous  matter  at  the  edges  of 
the  spots  occasionally  moves,  during  the  gradual  increase  or 
diminution  of  the  spot,  has  been  in  some  cases  found  to  be 
enormous.  A  spot,  the  apparent  breadth  of  which  was  90'', 
was  observed  by  Mayer  to  close  in  about  40  days.  Now,  the 
actual  linear  dimensions  of  such  a  spot  must  have  been 

'  466  X  90  =  41,940  miles,  .  \ 

and  consequently,  the  average  daily  motion  of  the  matter  com* 
posing  its  edges  must  have  been  1050  miles,  a  Telocity  equi- 
valent to  44  miles  an  hour. 

2535.  Cause  of  the  spots — physical  state  of  the  surCs  sur* 
face. — Two,  and  only  two,  suppositions  have  been  proposed  to 
explain  the  spots.  One  supposes  them  to  be  scoriae,  or  dark 
scales  of  incombustible  matter,  floating  on  the  general  surface 
of  the  sun.  The  other  supposes  them  to  be  excavations  in  the 
luminous  matter  which  coats  the  sun,  the  dark  part  of  the  spot 
being  a  part  of  the  solid  non-luminous  nucleus  of  the  sun.  In 
this  lattetr  hypothesis  it  is  assumed  that  the  sun  is  a  solid  non- 
luminous  globe,  covered  with  a  coating  of  a  certain  thickness 
of  luminous  matter. 

That  the  spots  are  excavations,  and  not  mere  bladL  patches 
on  the  surface,  is  proved  by  the  following  observations :  If  we 
select  a  spot  which  is  at  the  centre  of  the  sun's  disk,  having 
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flome  definite  fornix  sach  as  that  of  a  circle,  and  watch  its 
changes  of  appearance,  when,  bjr  the  rotation  of  the  sun,  it  is 
carried  toward  the  edge,  we  find,  first,  that  the  circle  becomes 
an  oval.  This,  however,  is  what  would  be  expected,  even  if 
the  spot  were  a  circular  patch,  inasmuch  as  a  circle  seen 
obliquely  is  foreshortened  into  an  ovaL  But  we  find  that  as 
the  spot  moves  toward  the  side  of  the  sun's  limb,  the  black 
patch  gradually  disappears,  the  penumbral  fringe  on  the  inside 
of  the  spot  becomes  invisible,  while  the  penumbral  fringe  on  the 
outside  of  the  spot  increases  in  apparent  breadth,  so  that  when 
the  spot  approaches  the  edge  of  the  sun,  the  only  part  that  is 
visible  is  the  external  penumbral  fringe*  Now,  this  is  exactly 
what  would  occur  if  the  spot  were  an  excavation.  The  pen* 
umbral  fringe  is  produced  by  the  shelving  of  the  sides  of  the 
excavation,  sloping  down  to  its  dark  bottom.  As  the  spot  is 
carried  toward  the  edge  of  the  sun,  the  height  of  the  inner 
side  is  interposed  between  the  eye  and  the  bottom  of  the  exca- 
ration,  so  as  to  conceal  the  latter  from  view.  The  surface  of 
the  inner  shelving  side  also  taking  the  direction  of  the  line  of 
irifflon  or  very  nearly,  diminishes  in  apparent  breadth,  and 
ceases  to  be  visible,  while  the  surface  of  the  shelving  side  next 
the  edge  of  the  sun  becoming  nearly  perpendicular  to  the  line 
of  vision,  appears  of  its  full  breadth. 

In  short,  all  the  variations  of  appearance  which  the  spots 
undergo,  as  they  are  carried  round  by  the  rotation  of  the  sun, 
changing  their  distances  and  positions  with  regard  to  the  sun's 
centre,  are  exactly  such  as  would  be  produced  by  an  excavation, 
and  not  at  all  such  as  a  dark  patch  on  the  solar  surface  would 
imderga 

2536.  Sun  inveited  by  two  aifnotphereSy  one  lundnom  and 
Ae  other  mm-himinouM, — It  may  be  considered  then  as  proved, 
that  the  spots  on  the  sun  are  excavations ;  and  that  the  apparent 
blackness  is  produced  by  the  fact  that  the  part  constituting  the 
dark  portion  of  the  spot  is  either  a  surface  totally  destitute  of 
light,  or  by  comparison  so  much  less  luminous  than  the  general 
BurfiM»  of  the  sun  as  to  appear  black.  This  fact,  combined 
with  the  appearance  of  the  penumbral  edges  of  the  spots,  has 
led  to  the  supposition,  advanced  by  Sir  W.  Herschel,  which  ap« 
pears  scarcely  to  admit  of  doubt,  that  the  solid,  opaque  nucleus, 
or  globe  of  the  sun,  is  invested  with  at  least  two  atmospherea» 
that  which  is  next  the  sun  being,  like  our  own,  non-luminous,  and 
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mod  the  superior  one  being  that  alone  in  which  light  and  heat  are 
evolved  ;  at  all  events,  whether  these  strata  be  in  the  gaseoas 
state  or  not,  the  existence  of  two  sach,  one  placed  above  the  other, 
the  superior  one  being  luminous,  seems  to  be  exempt  from  doubt 
2537.  Spots  may  not  he  black, — We  are  not  warranted  in 
assuming  that  the  black  portion  of  the  spots  are  surfaces  really 
deprived  of  light,  for  the  most  intense  artificial  lights  which 
can  be  produced,  such,  for  example,  as  that  of  a  piece  of  quick- 
lime exposed  to  the  action  of  the  compound  blow-pipe,  when 
seen  projected  on  the  sun's  disk,  appear  as  dark  as  the  spots 
themselves ;  an  effect  which  must  be  ascribed  to  the  infinitely 
superior  splendour  of  the  sun's  light  All  that  can  be  legiti- 
mately inferred  respecting  the  spots,  then,  is,  not  that  they  are 
destitute  of  light,  but  that  they  are  incomparably  less  brilliant 
than  the  general  surface  of  the  sun. 

2538.  SpolM  variable. — The  prevalence  of  spots  on  the  sun's 
disk  is  both  variable  and  irregular.  Sometimes  the  disk  will 
be  completely  divested  of  them,  and  will  continue  so  for  weeks 
or  months;  sometimes  they  will  be  spread  over  certain  parts 
of  it  in  profusion.  Sometimes  the  spots  will  be  small,  but 
numerous ;  sometimes  individual  spots  will  appear  of  vast 
extent;  sometimes  they  will  be  manifested  in  groups,  the 
penumbras  or  fringes  being  in  contact 

The  du^tion  of  each  spot  is  also  subject  to  great  and 
irregular  variation.  A  spot  has  appeared  and  vanished  in  less 
than  twenty-four  hours,  while  some  have  maintained  their 
appearance  and  position  for  nine  or  ten  weeks,  or  during  nearly 
three  complete  revolutions  of  the  sun  upon  its  axis. 

A  large  spot  has  sometimes  been  observed  suddenly  to 
crumble  into  a  great  number  of  small  Ones. 

2539.  Prevail  generally  in  two  parallel  zones.  —  The  only 
circumstance  of  regularity  which  can  be  said  to  attend  these 
remarkable  phenomena  is  their  position  upon  the  sun.  They 
are  invariably  confined  to  two  moderately  broad  zones  parallel 
to  the  solar  equator,  separated  from  it  by  a  space  several 
degrees  in  breadth.  The  equator  itself,  and  this  space  which 
thus  separates  the  macular  zones,  are  absolutely  divested  of 
such  phenomena. 

Thus,  for  example,  in  the  latter  part  of  1836  and  the 
^beginning  of  1837,  when  a  large  number  of  spots  became 
apparent,  their  position  was  such  as  is  represented  in^.  728;, 
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where  s  Q  represents  the  sun's  equator,  and  m  nJ  n  n!  the 
northern,  and  pp'  qq^  the  southern  macular  zones. 


Fig.  728. 

2540.  OhtervaHoM  and  drawings  of  M.  Capocci, — The  as- 
tronomers who  have  within  the  last  quarter  of  a  centurj-  made 
the  most  important  contributions,  bj  their  observations  and 
researches,  to  this  subject,  are  M.  Capocci,  of  Naples,  Dn 
Pastorff,  of  Frankfort  (on  the  Oder),  and  Sir  John  Herschel. 

M.  Capocci  made  a  series  of  observations  on  the  spots  which 
were  developed  on  the  sun's  disk  in  1826,  when  he  recognised 
most  of  the  characters  above  described.  He  observed  that^ 
daring  the  increase  of  the  spot  from  its  first  appearance  as  a 
dark  point,  the  edges  were  sharplj  defined,  without  any  in* 
dication  of  the  gradually  fading  away  of  the  fringes  into  the 
dark  central  spot,  or  into  each  other ;  a  character  which  was 
again  observed  by  Sir  J.  Herschel,  in  1837.  He  found,  however^ 
that  the  same  character  was  not  maintained  when  the  sides' 
began  to  contract  and  the  spots  to  diminish:  during  that 
process  the  edges  were  less  strongly  defined,  being  apparently 
covered  by  a  sort  of  luminous  atmosphere,  which  often  extendi 
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80  completely  across  the  dark  nacleus  as  to  throw  a  thin  thread 
of  light  across  it,  after  which  the  spot  soon  filled  up  and  dis« 
appeared.  Capocci  concurs  with  Sir  W.  Herschel  in  r^^ding 
the  internal  fringes  surrounding  the  dark  nucleus  as  the  section 
of  the  inferior  stratum  of  the  atmosphere  which  forms  the 
coating  of  the  sun  ;  he  neyertheless  thinks  that  there  are  indi* 
cations  of  solid  as  well  as  gaseous  luminous  matter. 

Capocci  also  ohsenred  reins  of  more  intenselj  luminous 
matter  on  the  fringes  conyerging  towards  the  nudeus  of  the 
spot)  which  he  compares  to  the  structure  of  the  iris  surrounding 
the  pupil  of  the  eye. 

The  drawings  of  the  spots  observed  by  M.  Capocd,  given  in 
Plate  Y^  will  illustrate  these  observations.  It  is  to  be  re- 
gretted, however,  that  he  has  not  given  any  measures,  either  in 
his  memoirs  cr  upon  his  drawings,  by  which  the  position  or 
magnitude  of  the  spots  can  be  determined. 

2541.  OhservoHatu  and  drawingt  of  Dr.  Pattorff^  in  IB26. — 
Dr.  Pastorff  commenced  his  course  of  solar  observations  as  early 
as  1819.  He  observed  the  spots  which  appeared  in  1826^  of 
which  he  published  a  series  of  drawings,  from  which  we  have 
selected  those  given  in  Plate  VL  from  observations  made  in  Sep- 
tember and  October,  contemporaneously  with  those  of  M.  Ca« 
pocci.  Pastorff  gives  the  position  of  all,  and  the  dimensions  of 
the  principal  spots.  The  numbers  on  the  horizontal  and  vertical 
lines  express  tiie  apparent  distances  of  the  spots  severally  from 
the  limb  of  the  sun  in  each  direction.  The  actual  dimensions 
may  be  estimated  by  observing  that  1''  measured  at  right  angles 
to  the  visual  ray  represents  466  miles. 

2642.  ObtervaHont  and  drawings  of  Pastorff^  in  1828. — ^In 
Hay  and  June,  1828,  a  profusion  of  spots  were  developed, 
which  were  observed  and  delineated  by  Pastorff  with  the  most 
elaborate  accuracy. 

In  Plate  VIL  ^.  1.  represents  the  positions  of  the  spots  as 
they  appeared  on  the  disk  of  the  sun  on  the  24th  of  May,  at 
10  A.  M.  and  figs,  2,  3,  4,  and  5,  represent  their  forms  and 
magnitudes.  The  letters  a,  b,  c,  d,  in^.  1.  give  the  positions  of 
the  spots  marked  by  the  same  letters  mfigs.  2, 3, 4,  and  5. 

The  dimensions  of  the  principal  spot  of  the  group  A  were 
stupendous ;  measured  in  a  plane  at  right  angles  to  the  visual 
line,  the  length  was  466  x  100  =:  46,600  miles,  and  the  breadth 
466  X  60s  27,960  mUes. 
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Solar  Spots  observed  by  Capocci  1826. 
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Solar  Spots  observed  by  PasloriT  1828. 
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The  apparent  breadth  of  the  black  bottom  of  the  spot  was  4(y\ 
which  corresponds  to  an  actual  breadth  of  466x40=18,640 
miles.  So  that  the  globe  of  the  earth  might  pass  through  such 
a  hole,  leaving  a  distance  of  upwards  of  6000  miles  between  its 
surface  and  the  edges  of  the  chasm. 

The  superficial  dimensions  of  the  sereral  groups  of  spots 
observed  on  the  sun  on  the  24th  of  May,  at  10  a.  m.,  including 
the  shelving  sides,  were  calculated  to  be  as  follows :  — 

Square  Oeof .  Mll«. 
Groop  A,  prindpal  fpot  ...        938,000,000 

Ditto,  nnaller  spoCf         ....        736,000,000 
GnmpB  .....        296,000,000 

GfOopC  .....        232,000,000 

Group  D  .....         304,000,000 


Total  area         ...     2,496,000,000 

Thus  it  appears  that  the  principal  spot  of  the  group  a 
covered  a  space  equal  to  little  less  than  five  times  the  entire 
surface  of  the  earth ;  and  the  total  area  occupied  by  all  the 
spots  collectively  amounted  to  more  than  twelve  times  that 
surface. 

On  the  days  succeeding  the  24th  of  May,  all  the  spots  were 
observed  to  change  their  form  and  magnitude  from  day  to  day. 
The  great  spot  of  the  group  a,  which  even  when  so  close  to  the 
limb  of  the  sun  as  5',  or  a  sixth  of  the  apparent  diameter,  still 
measured  80^'  by  4</',  was  especially  rapid  in  its  variation.  Its 
shelving  sides,  as  well  as  its  dark  bottom,  were  constantly  varied, 
and  luminous  clouds  were  seen  floating  over  the  latter. 

After  the  disappearance  of  this  large  spot,  and  several  of  the 
lesser  ones  of  the  other  groups,  a  new  spot  of  considerable 
magnitude  made  its  appearance  on  the  13th  of  June,  at  the 
eastern  edge  of  the  disk,  which  gradually  increased  in  magni- 
tude for  eight  days.  On  the  21st  of  June,  at  half-past  9  in  the 
morning,  the  disk  of  the  sun  exhibited  the  spots  whose  position 
is  represented  in  Jig,  6.  Plate  VII.,  and  whose  forms  and  mag- 
nitudes are  indicated  in  Jigs.  7,  8^  9,  and  10. 

The  chief  spot  of  the  group  A  was  nearly  circular,  and  mea- 
sured 64"  in  apparent  diameter,  the  diameter  of  its  dark  base  be- 
ing about  30^',  which,  without  allowing  for  projection,  represent 
actual  lengths  of  466  x  64=29,824  miles,  and  466  x  30=:  13,980 
miles,  the  former  being  above  3^  times,  and  the  latter  nearly  1| 
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times  the  earth's  diameter.  The  process  of  formation  of  this  spot, 
surrounded  bj  luminous  clouds,  was  clearly  seen.  The  shelving 
sides  were  trayersed  by  luminous  rayines  or  rills,  conyerging 
towards  the  centre  of  the  black  nucleus,  and  exhibiting  the  ap- 
pearance which  Capocci  compared  to  the  structure  of  the  iris. 

On  the  same  day  (the  21st),  another  large  spot,  'By  Jig,  8. 
appeared,  which  measured  60"  by  40". 

Pastorff  rejects  the  supposition  that  these  spots  were  the 
mere  reappearances  of  those  which  had  been  observed  on  the 
24th  of  May,  since  they  differed  essentially  in  their  form,  and 
still  more  in  their  entourage, 

2543.  Observations  of  Sir  J.  Herschel  in  1837 Sir  J. 

Herschel,  at  the  Cape  oi  Good  Hope,  in  1837,  obseryed  the 
spots  which  at  that  time  appeared  upon  the  sun,  and  has  given 
yarious  drawings  of  them  in  his  Cape  Observations.  These 
diagrams  do  not  differ  in  any  respect  in  their  general  character 
from  those  of  Capocci  and  Pastorff.  Sir  J.  Herschel  recognised 
on  this  occasion  the  striated  or  radiated  appearance  in  the 
fringes  already  noticed  by  Capocci  and  Pastorff.  He  thinks 
that  this  structure  is  intimately  connected  with  the  physical 
agency  by  which  the  spots  are  produced. 

2544.  Boundary  of  fringes  distinctly  defined, — It  is  observed 
by  Sir  J.  Hersch^  that  one  of  the  most  universal  and  striking 
characters  of  the  solar  spots  is,  that  the  penumbral  fringe  and 
black  spot  are  distinctly  defined,  and  do  not  melt  gradually  one 
into  the  other.  The  spots  are  intensely  black,  and  the  penum- 
bral fringe  of  a  perfectly  uniform  degree  of  shade.  In  some 
cases  there  are  two  nuances  of  fringe,  one  lighter  than  the 
other;  but  in  that  case  no  intermixture  or  gradual  fading 
away  of  one  into  the  other  is  apparent  "  The  idea  conveyed," 
observes  Sir  J.  Herschel,  "  is  more  that  of  the  successive  with- 
drawal of  veils, — the  partial  removal  of  definite  films, — than 
the  melting  away  of  a  mist  or  the  mutual  dilution  of  gaseous 
media."  This  absence  of  all  graduation,  this  sharply  marked 
suddenness  of  transition,  is,  as  Sir  J.  Herschel  also  notices,  en- 
tirely opposed  to  the  idea  of  the  easy  miscibility  of  the  lumin- 
ous, non-luminous,  and  semi-luminous  constituents  of  the  solar 
envelope. 

2545.  Solar  facules  and  lucules,  — Independently  of  the  dark 
spots  just  described,  the  luminous  part  of  the  solar  disk  is  not 
uniformly  iM^ght     It  presents  a  mottled   appearance,  which 
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may  be  compared  to  that  which  would  be  presented  by  the  un- 
dulated and  agitated  surface  of  an  ocean  of  liquid  fire,  or  to  a 
atratum  of  luminous  clouds  of  varjing  depth  and  having  an 
unequal  surface,  or  the  appearance  produced  by  the  dow  subsi- 
dence of  some  flocculent  chemical  precipitates  in  a  transparent 
fluid,  when  looked  at  perpendicularly  from  above.  In  the  space 
immediately  around  the  edges  of  the  spots  extensive  spaces  are 
observed,  also  covered  with  strongly  defined  curved  or  branching 
streaks,  more  intensely  luminous  than  the  other  parts  of  the 
disk,  among  which  spots  often  break  out.  These  several  varie- 
ties in  the  intensity  of  the  brightness  of  the  disk  have  been 
differently  designated  by  the  terms  faculet  and  lueules.  These 
appearances  are  generally  more  prevalent  and  strongly  marked 
near  the  edges  of  the  disk. 

2546.  Incandescent  coating  of  the  sun  gaseous.  —  Various 
attempts  have  been  made  to  aseertain  by  the  direct  test  of  obser- 
vation, independently  of  conjecture  or  hypothesis,  the  physical 
state  of  the  luminous  matter  which  coats  the  globe  of  the  sun, 
whether  it  be  solid,  liquid,  or  gaseous. 

That  it  is  not  solid  is  admitted  to  be  proved  conclusively  by 
its  extraordinary  mobility,  as  indicated  by  the  rapid  motion  of 
the  edges  of  the  spots  in  closing;  and  it  is  contended  that  a  fluid 
capable  of  moving  at  the  rate  of  44  miles  per  hour  cannot  be 
supposed  to  be  liquid,  an  elastic  fluid  alone  admitting  of  such  a 
motion. 

2647.  Test  of  this  proposed  by  Arago* — Arago  has,  however, 
suggested  a  physical  test,  by  which  it  appears  to  be  proved  that 
this  luminous  matter  must  be  gaseous ;  in  short,  that  tiie  sun 
must  be  invested  with  an  ocean  of  flame,  since  flame  is  nothing 
more  than  aeriform  fluid  in  a  state  of  incandescence  (1584). 
This  test  proposed  is  based  upon  the  properties  of  polarised 
light 

It  has  been  proved  that  the  light  emitted  from  an  incandes- 
cent body  in  the  liquid  or  solid  state,  issuing  in  directions  very 
oblique  to  the  surface,  even  when  the  body  emitting  it  is  not 
smooth  or  polished,  presents  evident  marks  of  polarisation,  so 
that  such  a  body,  when  viewed  through  a  polariscopic  telescope, 
will  present  two  images  in  complementary  colours  (1290).  But, 
on  the  other  hand,  no  signs  of  polarisation  are  discoverable, 
however  oblique  may  be  the  direction  in  which  the  rays  are 
emitted,  if  the  luminous  nrntter  be  flame. 
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2548.  Its  result. — The  light  proceeding  from  the  disk  of  the 
sun  has  been  accordinglj  submitted  to  this  test  The  rajs  pro- 
ceeding from  its  borders  evidently  issue  in  a  direction  as  oblique 
as  possible  to  the  surface,  and  therefore,  under  the  condition 
most  favourable  to  polarisation,  if  the  luminous  matter  were 
liquid.  Nevertheless,  the  borders  of  the  double  image  produced 
by  the  polarisoope  show  no  signs  whatever  of  complementarj 
colours,  both  being  equally  white  even  at  the  very  edges. 

This  test  is  only  applicable  to  the  luminous  matter  at  or  near 
the  edge  of  the  disk,  because  it  is  from  this  only  that  the  rays 
issue  with  the  necessary  obliquity.  But  since  the  sun  revolves 
on  its  axis  (2633),  every  part  of  its  surface  comes  in  succession 
to  the  edge  of  the  disk;  and  thus  it  follows  that  the  light  ema* 
nating  from  every  part  of  it  is  in  its  natural  or  unpolarised 
state,  even  when  issuing  at  the  greatest  obliquity ;  and,  conse- 
quently,  that  the  luminous  matter  is  every  where  gaseous. 

2549.  The  sun  probably  invested  with  a  double  gaseous  coat- 
ing.— All  the  phenomena  which  have  been  here  described,  and 
others  which  our  limits  compel  us  to  omit,  are  considered  as 
giving  a  high  degree  of  physical  probability  to  the  hypothesis 
of  Sir  W.  Herschel  already  noticed,  in  which  the  sun  is  con- 
sidered to  be  a  solid,  opaque,  non -luminous  globe  invested  by  two 
concentric  strata  of  gaseous  matter,  the  first,  or  that  which 
rests  immediately  on  the  surface,  being  non-luminous,  and  the 
other,  which  floats  upon  the  former,  being  luminous  gas  or 
flame,  llie  relation  and  arrangement  of  these  two  fluid  strata 
may  be  illustrated  by  our  own  atmosphere,  supporting  upon  it 
a  stratum  of  clouds.  If  such  clouds  were  flame,  the  condition 
of  our  atmosphere  would  represent  the  two  strata  on  the  sun. 

The  spots  in  this  hypothesis  are  explained  by  occasional  open- 
ings in  the  luminous  stratum  by  which  parts  of  the  opaque 
and  non-luminous  surface  of  the  solid  globe  are  disclosed.  These 
partial  openings  may  be  compared  to  the  openings  in  the  clouds 
of  our  sky,  by  which  the  firmament  is  rendered  partially  visible. 

The  apparent  diameter  of  the  sun  is  not,  therefore,  the 
diameter  of  the  solid  globe,  but  that  of  the  globe  bounded  by 
the  surface  of  the  superior  or  luminous  atmosphere ;  and  this 
circumstance  may  throw  some  light  upon  the  small  computed 
mean  density  of  the  sun,  since  considering  the  high  degree  of 
rarefaction  which  must  be  supposed  to  characterise  these 
atmospheric  strata,  and  especially  the  superior  one,  the  density 
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of  the  solid  globe  will  necessarily  be  much  more  considerable 
than  the  mean  density  of  the  volume  in  which  such  rarefied 
matter  is  included. 

2550.  A  third  gaseous  atmosphere  probable,  —  Many  cir* 
eomstances  supply  indications  of  the  existence  of  a  gaseous 
atmosphere  of  great  extent  above  the  luminous  matter  which 
forms  the  visible  surface  of  the  sun.  It  is  observed  that  the 
brightness  of  the  solar  disk  is  sensibly  diminished  towards  its 
borders.  This  effect  would  be  produced  if  it  were  surrounded 
by  an  imperfectly  transparent  atmosphere,  whereas  if  no  such 
gaseous  medium  surrounded  it^  the  reverse  of  such  an  effect 
might  be  expected,  since  then  the  thickness  of  the  luminous 
coating  measured  in  the  direction  of  the  visual  ray  would  be 
increased  very  rapidly  in  proceeding  from  the  centre  towards 
the  edges.  This  gradual  diminution  of  brightness  in  pro«> 
ceeding  towards  the  borders  of  the  solar  disk  has  been  noticed 
by  many  astronomers ;  but  it  was  most  clearly  manifested  in 
the  series  of  observations  made  by  Sir  J.  Herschel  in  1837,  so 
conclusively,  indeed^  as  to  leave  no  doubt  whatever  of  its 
reality  on  the  mind  of  that  eminent  observer.  By  projecting 
the  image  of  the  sun's  disk  on  white  paper  by  means  of  a  good 
achromatic  telescope,  this  diminution  of  light  towards  the 
borders  was  on  that  occasion  rendered  so  apparent,  that  it 
appeared  to  him  surprising  that  it  should  ever  have  been 
questioned. 

2551.  Its  existence  indicated  by  solar  eclipses,  —  But  the 
most  conclusive  proofs  of  the  existence  of  such  an  external 
atmosphere  are  supplied  by  certain  phenomena  observed  on 
the  occasion  of  total  eclipses  of  the  sun,  which  will  be  fully 
explained  in  another  chapter  of  this  volume. 

2552.  Sir  J.  HerschePs  hypothesis  to  explain  the  solar  spots* 
—  The  immediate  cause  of  the  spots  being  proved  to  be 
occasional  ruptures  of  continuity  in  the  ocean  of  luminous  fluid 
which  forms  the  visible  surface  of  the  solar  globe,  it  remains  to 
discover  what  physical  agency  can  be  imagined  to  produce 
dynamical  phenomena  on  a  scale  so  vast  as  that  which  the 
dianges  of  appearance  of  the  spots  indicate. 

The  regions  of  the  spots  being  two  zones  parallel  to  the 
solar  equator,  manifests  a  connection  between  these  phenomena 
and  the  sun's  rotation.  The  like  regions  on  the  earth  are  the 
theatres  of  the  trade-winds  and  anti-trades^  and  of  hurricanes^ 
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tornadoes,  waterapoatfl,  and  other  Tiolent  atmoBpheric  dis- 
turbances. On  the  planets,  the  smme  regions  are  mariLed  bj 
belts,  appearances  which  are  traced  bj  analogy  to  the  same 
phjrsieat  causes  as  those  which  produce  the  trades  and  other 
atmospheric  perturbations  prevailing  in  the  tropical  and  ultra- 
tropical  sones.  Analogy,  therefore,  suggests  the  inquiry, 
whether  any  physical  agencies  can  exist  upon  the  sun  similar 
to  those  which  produce  these  phenomena  on  the  earth  and 
planets* 

So  far  as  relates  to  the  earth  it  is  certain,  and  so  far  as 
relates  to  the  planets  probable,  that  the  immediate  physical 
cause  of  these  phenomena  is  the  inequality  of  the  exposure  of 
the  earth's  surface  to  solar  radiation,  and  the  consequent 
inequality  of  temperature  produced  in  different  atroospherie 
lones,  either  by  the  direct  or  reflected  calorific  rays  of  the  sun, 
combined  with  the  earth's  rotation  (2628).  But  since  the  sun 
is  itself  the  common  fountain  of  beat,  supplying  to  all,  and 
receiving  from  none,  no  similar  agency  can  prevail  upon  it. 
It  remains,  therefore,  to  consider  whether  the  play  of  the  phy- 
sical principles  which  are  in  operation  on  the  sun  itself,  irre- 
spective of  any  other  bodies  of  the  system,  can  supply  aa 
explanation  of  such  a  local  difference  of  temperature  as^  com- 
bined with  the  sun's  rotation,  would  produce  any  special 
physical  effects  on  the  macular  sones  by  which  the  phenomena 
of  the  spots  might  be  explicable. 

The  heat  generated  by  some  undiscovered  agency  upon  the 
sun  is  dispersed  through  the  surrounding  ^ace  by  radiation. 
If,  as  may  be  assumed,  the  rate  at  which  this  heat  is  generated 
be  the  same  on  all  parts  of  the  sun,  and  if,  moreover,  the 
radiation  be  equally  free  and  unobstructed  from  all  parts  of  its 
surface,  it  is  evident  that  an  uniform  temperature  muat  be 
everywhere  maintained.  But  if,  from  any  local  cause,  the 
radiation  be  more  obstructed  in  some  regions  than  in  others, 
heat  wiU  accumulate  in  the  former,  and  the  local  temperature 
will  be  more  elevated  there  than  where  the  radiation  is  more 
firee. 

But  the  only  obstruction  to  free  radiation  from  the  suo 
must  arise  from  the  atnK>sphere  with  which  to  an  height  so 
enormous  it  is  surrounded.  If,  however,  tliis  atmosphere  have 
everywhere  the  same  height  and  the  same  density,  it  will  pre- 
sent the  same  obstruction  to  radiation,  and  the  eflSsctive  radia* 
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tion  which  takes  place  through  it,  though  more  feeble  than  that 
which  would  be  produced  in  its  absence,  is  still  uniform. 

But  since  the  sun  has  a  motion  of  rotation  on  its  axis  in 
25d.  7h.  48m.^  iu  atmosphere,  like  that  of  the  earth,  must  par- 
ticipate in  that  motion  and  the  effects  of  centrifugal  force  upon 
matter  so  mobile :  the  equatorial  2sone  being  carried  round  with 
a  velocity  greater  than  300  miles  per  second,  while  the  polar 
zones  are  mored  at  a  rate  indefinitelj  slower,  all  the  effects  to 
which  the  spheroidal  form  of  the  earth  is  due  will  affect  this 
fluid  with  an  energy  proportionate  to  its  tenuity  and  mobility, 
the  consequence  of  which  will  be  that  it  will  assume  the  form  of 
an  oblate  spheroid,  whose  axis  will  be  that  of  the  sun's  rota- 
tion. It  will  flow  from  the  poles  to  the  equator,  and  its  height 
over  the  zones  contiguous  to  the  equator  will  be  greater  than 
over  those  contiguous  to  the  poles,  in  a  degree  proportionate  to 
the  ellipticity  of  the  atmospheric  spheroid. 

Now,  if  this  reasoning  be  admitted,  it  will  follow  that  the 
obstruction  to  radiation  produced  by  the  solar  atmosphere  is 
greatest  over  the  equator,  and  gradually  decreases  in  proceeding 
towards  either  pole.  The  accumulation  of  heat,  and  consequent 
elevation  of  temperature,  is,  therefore,  greatest  at  the  equator, 
and  gradually  decreases  towards  the  poles,  exactly  as  happens 
on  the  earth  from  other  and  different  physical  causes. 

The  effects  of  this  inequality  of  temperature,  combined  with 
the  rotation,  upon  the  solar  atmosphere,  will  of  course  be  similar 
in  their  general  character,  and  different  only  in  d^ree  from  the 
phenomena  produced  by  the  like  cause  on  the  earth.  Inferior 
currents  will,  as  upon  the  earth,  prevail  towards  the  equator, 
and  superior  counter-currents  towards  the  poles  (2528).  The 
spots  of  the  sun  would,  therefore,  be  assimilated  to  those 
tropical  r^ions  of  the  earth  in  which,  for  the  moment,  hurri- 
canes and  tornadoes  prevail,  the  upper  stratum  which  has  come 
from  the  equator  being  temporarily  carried  downwards,  dis- 
placing by  its  force  the  strata  of  luminous  matter  beneath  it 
(which  may  be  conceived  as  forming  an  habitually  tranquil 
limit  between  the  opposite  upper  and  under  currents),  the  upper 
of  course  to  a  greater  extent  than  the  lower,  and  thus  wholly 
or  partially  denuding  the  opaque  surface  of  the  sun  below. 
Such  processes  cannot  be  unaccompanied  by  vorticose  motions, 
which,  left  to  themselves,  die  away  by  degrees,  and  dissipate, 
with  this  peculiarity,  that  their  lower  portions  come  to  rest  more 
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speedily  than  their  upper,  by  reason  of  the  greater  distance 
below,  as  well  as  the  remoteness  from  the  point  of  action,  which 
lies  in  a  higher  region,  so  that  their  centre  (as  seen  in  our 
waterspouts,  which  are  nothing  but  small  tornadoes)  appears 
to  retreat  upwards.* 

Sir  J.  Herschel  maintains  that  all  this  agrees  perfectly  with 
what  is  observed  during  the  obliteration  of  the  solar  spots,  which 
appear  as  if  filled  in  by  the  collapse  of  their  sides,  the  penumbra 
closing  in  upon  the  spot  and  disappearing  afterwards. 

It  would  have  rendered  this  ingenious  hypothesis  still  more 
satisfactory,  if  Sir  J.  Herschel  bad  assigned  a  reason  why  the 
luminous  and  subjacent  non- luminous  atmosphere,  both  of  which 
are  assumed  to  be  gaseous  fluids,  do  not  affect,  in  consequence 
of  the  rotation,  the  same  spheroidal  form  which  he  ascribes  to 
the  superior  solar  atmosphere. 

2553.  Calorific  power  of  solar  rays. — It  has  been  already 
shown  (2217)  that  the  intensity  of  heat  on  the  sun's  surface 
must  be  seven  times  as  great  as  that  of  the  vivid  ignition  of 
the  fuel  in  the  strongest  blast  furnace*  This  power  of  solar 
light  is  also  proved  by  the  facility  with  which  the  calorific 
rays  pass  through  glass,  Herschel  found,  by  experiments 
made  with  an  actinometer,  that  81*6  per  cent,  of  the  calorific 
rays  of  the  sun  penetrate  a  sheet  oi*  plate-glass  0*12  inch  thick^ 
and  that  85*9  per  cent,  of  the  rays  which  have  passed  through 
one  such  plate  will  pass  through  another,  f 

2564.  Probable  physical  cause  of  solar  heat — One  of  the 
most  difficult  questions  connected  with  the  physical  condition  of 
the  sun,  is  the  discovery  of  the  agency  to  which  its  heat  is 
due.  To  the  hypothesis  of  combustion,  or  any  other  which  in- 
volves the  supposition  of  extensive  chemical  change  in  the 
constituents  of  the  surface,  there  are  insuperable  difficulties. 
Conjecture  is  all  that  can  be  ofi*ered,  in  the  absence  of  all  data 
upon  which  reasoning  can  be  based.  Without  any  chemical 
change,  heat  may  be  indefinitely  generated  either  by  friction  or 
by  electric  currents,  and  each  of  these  causes  have  accordingly 
been  suggested  as  a  possible  source  of  solar  heat  and  light. 
According  to  the  latter  hypothesis,  the  sun  would  be  a  great 
ELECTRIC  LIGHT  in  the  Centre  of  the  system. 

*  Herschers  Cape  Obsenrations,  p.  434.  f  Ibid.  p.  133. 
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CHAP.  XIL 

THE   80ULR  SYSTEM. 

2555.  Perception  of  the  motion  and  position  of  surrounding 
objects  depends  upon  the  station  of  the  observer. — The  facility, 
clearness,  and  certainty  with  which  the  motions,  distances,  mag- 
nitudes, and  relative  position  and  arrangement  of  any  surround- 
ing objects  can  be  ascertained,  depends,  in  a  great  degree,  upon 
the  station  of  the  observer.  The  form  and  relative  disposition 
of  the  buildings,  streets,  squares,  and  limits  of  a  great  city,  are 
perceived,  for  example,  with  more  clearness  and  certainty  if  the 
station  of  the  observer  be  selected  at  the  summit  of  a  lofty 
building,  than  if  it  were  at  any  station  level  with  the  general 
plane  of  the  city  itself.  This  advantage  attending  an  elevated 
place  of  observation  is  much  augmented  if  the  objects  observed 
are  affected  by  various  and  complicated  motions  inter  se,  A 
general,  who  directs  the  evolutions  of  a  battle,  seeks  an  elevated 
position  from  which  he  can  obtain,  as  far  as  it  is  practicable  to 
do  so,  a  bircTs  eye  view  of  the  field ;  and  it  was  at  one  time  pro- 
posed to  employ  captive  balloons  by  which  observers  could  be 
raised  to  a  sufficient  elevation  above  the  plane  of  the  military 
mancBuvres. 

All  these  difficulties,  which  arise  from  the  station  of  the 
observer  being  in  the  general  plane  of  the  motions  observed, 
are,  however,  infinitely  aggravated  when  the  station  has  itself 
motions  of  which  the  observer  is  unconscious ;  in  such  case  the 
effects  of  these  motions  are  optically  transferred  to  surrounding 
objects,  giving  them  apparent  motions  in  directions  contrary  to 
that  of  the  observer,  and  apparent  velocities,  which  vary  with 
their  distance  from  the  observer,  increasing  as  that  distance 
diminishes,  and  diminishing  as  that  distance  increases. 

All  such  effects  are  imputed  by  the  unconscious  observer  to 
so  many  real  motions  in  the  objects  observed ;  and,  being  mixed 
up  with  the  motions  by  which  such  objects  themselves  are 
actually  affected,  an  inextricable  confusion  of  changes  of  po- 
sitiony  apparent  and  real,  results,  which  involves  the  observer  in 
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obscurity  and  difficulty,  if  his  purpose  be  to  ascertain  the  actual 
motions  and  relative  distances  and  arrangement  of  the  objects 
around  him. 

2656.  Peculiar  difficuUies  presented  by  the  solar  system, — 
All  these  difficulties  are  presented  in  their  most  aggravated 
form  to  the  observer,  who,  being  placed  upon  the  earth,  desires 
to  ascertain  the  motions  and  positions  of  the  bodies  composing 
the  solar  system.  These  bodies  all  move  nearly  in  one  plane» 
and  from  that  plane  the  observer  never  departs :  be  is,  therefore, 
deprived  altogether  of  the  facilities  and  advantages  which  a 
bird's  eye  view  of  the  system  would  afford.  He  is  like  the 
commander  who  can  find  no  station  from  which  to  view  the 
evolutions  of  the  army  against  which  he  has  to  contend,  except 
one  upon  a  dead  level  with  it,  but  with  this  great  addition 
to  his  embarrassment,  that  his  own  station  is  itself  subject  to 
various  changes  of  position,  of  which  he  is  altogether  uncon- 
scious, and  which  he  can  only  ascertain  by  the  apparent  changes 
of  position  which  they  produce  among  the  objects  of  his  ob- 
servation and  inquiry. 

The  difficulties  arising  out  of  these  circumstances  obstructed 
for  ages  the  progress  of  astronomical  science.  The  persuasion 
so  universally  entertained  of  the  absolute  immobility  of  the 
earth,  was  not  only  a  vast  error  itself,  but  the  cause  of  numerous 
other  errors.  It  misled  inquirers  by  compelling  them  to  ascribe 
motion  to  bodies  which  are  stationary,  and  to  ascribe  to  bodies 
not  stationary  motions  altogether  different  from  those  with 
which  they  are  really  affected. 

2«557.  Two  methods  of  exposition. — There  are  two  methods 
by  which  a  knowledge  of  the  motions  and  arrangement  of  the 
solar  system  may  be  imparted.  We  may  first  explain  its  ap- 
parent motions  and  changes  as  actually  seen  from  the  earth,  and 
deduce  from  them,  combined  with  our  knowledge  of  the  motions 
which  affect  the  earth  itself,  the  real  motions  of  the  other  bodies 
of  the  system ;  or  we  may,  on  the  contrary,  first  explain  the  real 
motions  of  the  entire  system  as  they  are  now  known,  and  then 
show  how  they,  combined  with  the  motion  of  the  earth,  produce 
the  apparent  motions. 

The  former  method  would  perhaps  be  more  strictly  logical, 
since  it  would  proceed  from  observed  facts  as  data  to  the  con- 
clusions to  be  deduced  from  them  ;  while  the  other  method  first 
assumes,  as  known,  that  which  we  desire  to  ascertain,  and  then 
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flhows  that  it  is  compatible  with  all  the  obseryed  phenomena. 
Nevertheless,  for  elementary  purposes,  such  as  those  to  which 
this  volume  is  directed,  the  latter  method  is  preferable  ;  we  shall, 
therefore,  explain  the  motions  and  relative  arrangement  of  the 
bodies  of  the  system,  showing,  as  we  proceed,  how  their  motions 
cause  the  phenomena  which  are  observed  in  the  heavens. 

25^8.  General  arrangement  of  bodies  composing  the  solar 
system. — The  solar  system  is  an  assemblage  of  great  bodies, 
globular  in  their  form,  and  analogous  in  many  respects  to  the 
earth.  Like  the  earth,  they  revolve  round  the  sun  as  a  common 
centre  in  orbits  which  do  not  differ  much  from  circles  :  all  these 
orbits  are  very  nearly,  though  not  exactly,  in  the  same  plane 
with  the  annual  <H*bit  of  the  earth,  and  the  orbital  motions  all 
take  place  in  the  same  direction  as  that  of  the  earth. 

Several  of  these  bodies  are  the  centres  of  secondary  systems, 
another  order  of  smaller  globes  revolving  round  them  respec- 
tively in  the  same  manner  and  according  to  the  same  dynamical 
laws  as  govern  their  own  motion  round  the  sun. 

2659.  Planets  primary  and  secondary, — This  assemblage  of 
globes  which  thus  revolve  round  the  sun  as  a  common  centre,  of 
which  the  earth  itself  is  one,  are  called  planets  ;  and  the 
secondary  globes,  which  revolve  round  several  of  them,  are 

called  SECONDARY  PLANETS,  SATELLITES,   Or  MOONS,  OUC  of  them 

being  our  moon,  which  revolves  round  the  earth  as  the  earth 
itself  revolves  round  the  sun. 

2560.  Primary  carry  with  them  the  secondary  round  the  sun, 
—  The  primary  planets  which  are  thus  attended  by  satellites, 
carry  the  satellites  with  them  in  their  orbital  course  ;  the 
common  orbital  motion,  thus  shared  by  the  primary  planet 
with  its  secondaries,  not  preventing  the  harmonious  motion  of 
the  secondaries  round  the  primary  as  a  common  centre. 

2561.  Planetary  motions  to  be  first  regarded  as  circular^ 
uniform^  and  in  a  common  plane.  —  It  will  be  conducive  to  the 
more  easy  and  clear  comprehension  of  the  phenomena  to  con- 
sider, in  the  first  instance,  the  planets  as  moving  round  the 
Bun  as  their  common  centre  in  exactly  the  same  plane,  in  ex- 
actly circular  orbits,  and  with  motions  exactly  uniform.  None 
of  these  suppositions  correspond  precisely  with  their  actual 
motions ;  but  they  represent  them  so  very  nearly,  that  nothing 
short  of  very  precise  means  of  observation  and  measurement  is 
capable  of  detecting  their  departure  from  them.    The  motions 
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of  the  system  thus  understood  will  form  a  first  and  very  dose 
approximation  to  the  truth.  The  modifications  to  which  the 
conclusions  thus  established  must  be  submitted,  so  as  to  allow 
for  the  departures  of  the  several  planets  from  the  plane  of  the 
ecliptic,  of  their  orbits  from  exact  circles,  and  of  their  motions 
from  perfect  uniformity,  will  be  easily  introduced  and  compre- 
hended. But  even  these  will  supply  only  a  second  approxima- 
tion. Further  investigation  will  show  series  after  series  of 
corrections  more  and  more  minute  in  their  quantities,  and  re- 
quiring longer  and  longer  periods  of  time  to  manifest  the  effects 
to  which  they  are  directed. 

2562.  This  method  foUawi  the  order  of  discovery,  —  As  to 
the  rest,  in  following  this  order,  proceeding  from  first  supposi- 
tions, which  are  only  rough  approximations  to  the  truth,  to 
others  in  more  exact  accordance  with  it,  we,  in  fact,  only  follow 
the  order  of  discovery  itself,  by  which  the  laws  of  nature  were 
thus  gradually,  slowly,  and  laboriously  evolved  from  masses  of 
obscure  and  inexact  hypotheses. 

2563.  Inferior  and  superior  planets.  —  The  concentric  orbits 
of  the  planets  then  are  included  one  within  another,  augment- 
ing successively  in  their  distances  from  the  centre,  so  as  in 
general  to  leave  a  great  space  between  orbit  and  orbit.  The 
third  planet,  proceeding  from  the  sun  outwards,  is  the  earth. 
Two  orbits,  those  of  the  planets  called  Mercury  and  Venus,  are 
therefore  included  within  the  earth's  orbit,  which  itself  ia 
included  within  the  orbits  of  all  the  other  planets. 

Those  planets  which  are  included  within  the  orbit  of  the 
earth  are  called  ikfsrior  planets,  and  all  the  others  are  called 

SUPERIOR  PLANETS. 

2564.  Periods,  —  The  periodic  time  of  a  planet  is  the  in«> 
terval  between  two  successive  returns  to  the  same  point  of  its 
orbit,  or,  in  short,  the  time  it  takes  to  make  a  complete  revolu- 
tion round  the  sun.  It  is  found  by  observation,  as  might  be 
naturally  expected,  that  the  periodic  time  increases  with  the 
orbit,  being  much  longer  for  the  more  distant  planets ;  but,  as 
will  appear  hereafter,  this  increase  of  the  periodic  time  is  not 
in  the  same  proportion  as  the  increase  of  the  orbit 

2565.  Synodic  motion,  —  The  motion  of  a  planet  considered 
merely  in  relation  to  that  of  the  earth,  without  reference  to  its 
actual  position  in  its  orbit,  is  called  its  stnodio  motion. 

2566.  Geocentric  and  heliocentric  motions.  —  The  position 
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and  motion  of  a  planet  as  they  appear  to  an  observer  on  the 
earth  are  called  oeocentbio*;  and  as  they  would  appear 
if  the  observer  were  transferred  to  the  sun,  are  called  helio* 

CENTRIC* 

2567.  Heliocentric  motion  dedudble  from  geocentric.  — Al- 
though the  apparent  motions  cannot  be  directly  observed  from 
the  sun  as  a  station,  it  is  a  simple  problem  of  elementary  geo- 
metry to  deduce  them  from  the  geocentric  motions,  combined 
with  the  relative  distances  of  the  earth  and  planet  from  the 
sun  ;  so  that  we  are  in  a  condition  to  state  with  perfect  clear- 
ness, precision,  and  certainty,  all  the  phenomena  which  the  mo- 
tions of  the  planetary  system  would  present,  if,  instead  of  being 
seen  from  the  moveable  station  of  the  earth,  they  were  witnessed 
from  the  fixed  central  station  of  the  sun. 

2568.  Relation  between  the  daily  heliocentric  motion  and  the 
period,  —  If  the  mean  daily  heliocentric  motion  of  a  planet  be 
expressed  by  a,  and  the  periodic  time  in  days  by  p,  it  is  evident 
that  a  X  P  will  express  360^,  providing  that  a  is  expressed  in 
degrees.     Thus  we  shall  have 

a^  X  P  =  mf ; 

and  hence  it  follows,  that  if  either  the  period  P  or  the  daily 
heliocentric  motion  be  given,  the  other  may  be  computed ;  for 
we  shall  have 

^o  _  860^     ^  _  360^ 
p   '  a°  * 

It  is  usual  to  express  a,  not  in  degrees,  but  in  seconds.  In 
that  case  it  will  be  necessary  to  reduce  360°  also  to  seconds* 
We  shall  therefore  have  (2292) 

„        1296000        „        1296000 

a"    =     ,  P      =    ;; . 


2569.  DaUy  synodic  motion,  —  The  daily  synodic  motion  is 
the  angle  by  which  the  planet  departs  from  or  approaches  to 
the  earth  in  its  course  round  the  sun.  Thus  if  a  express  in 
degrees  the  angle  formed  by  two  lines  drawn  from  the  sun, 
one  to  the  planet  and  the  other  to  the  earth,  the  daily  synodic 
motion  will  be  the  daily  increase  or  decrease  of  a  produced  by 


•  From  the  Greek  words  71}  (ge)  aad  fjAioy  (helios),  signifying  the  eartli 
aad  thetnm. 
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the  motions  of  the  earth  and  planet  Now,  since  the  earth  and 
planet  both  moye  in  the  same  direction  round  the  sun  with  dif- 
ferent angular  motions,  the  increase  or  decrease  of  a  will  be  the 
difference  of  their  motions.  Thus,  if  the  planet  move  through 
3^  while  the  earth  moves  through  V  per  day,  it  is  evident  that 
the  daily  increase  or  decrease  of  a  will  be  2^;  and  if,  while  the 
earth  moves  through  1%  the  planet  move  through  ^%  the  daily 
increase  or  decrease  of  a  will  be  ^^. 

If  we  express,  therefore,  the  daily  Sjrnodic  motion  of  a  planet 
by  9,  its  daily  heliocentric  motion  by  a,  and  that  of  the  earth  by 
€,  we  shall  have,  for  an  inferior  planet^  whose  angular  motioa 
exceeds  that  of  the  earth, 

^  =  a  —  e; 
and  for  a  superior  planet,  whose  angular  motion  is  slower, 

<F  =:  e  —  a. 
2570.  Relation  between  the  synodic  motion  and  the  period. — 
Since  the  daily  heliocentric  motions  are  found  by  dividing  360° 
by  the  periods,  we  shall  have  for  an  inferior  planet 

^o  _   360^  _  360P      ^,  _  1296000  _  1296000. 

P  E  P  E  * 

and  for  a  superior  planet 

^o  _  360^  _  360*   ^,  ^  1296000  _  1296000 

E  P    '  E  P 

257  K  Elongation*  —  The  geocentric  position  of  a  planet  in 
relation  to  the  sun,  or  the  angle  formed  by  lines  drawn  from  the 
earth  to  the  sun  and  planet,  is  called  the  klongation  of  the 
planet,  and  is  east  or  west,  according  as  the  planet  is  at  the 
one  side  or  the  other  of  the  sun. 

2572.  Conjunction, — When  the  elongation  of  a  planet  is 
nothing,  it  is  said  to  be  in  conjunction^  being  then  in  the  same 
direction  as  the  sun  when  seen  from  the  earth. 

2573.  Opposition,  —  When  the  elongation  of  a  planet  la 
180**,  it  IS  said  to  be  in  opposition,  being  then  in  the  quarter 
of  the  heavens  directly  opposite  to  the  sun. 

It  is  evident  that  a  planet  which  is  in  conjunction  passes  the 
meridian  at  or  very  near  noon,  and  is  therefore  above  the 
horizon  during  the  day,  and  below  it  during  the  night. 

On  the  other  hand,  a  planet  which  is  in  opposition  passes 
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the  meridian  at  or  Terj  near  midnight,  and  therefore  is  above 
the  horizon  during  the  night,  and  below  it  during  the  day. 

2574.  Qtutdrature, — A  planet  is  said  to  be  in  quadrature 
when  its  elongation  is  90^. 

In  this  position  it  passes  the  meridian  at  about  six  o'clock 
in  the  morning,  when  it  has  western  quadrature,  and  six 
o'clock  in  the  evening,  when  it  has  eastern  quadrature.  It  is, 
therefore^  above  the  horizon  on  the  eastern  side  of  the  fir- 
mament during  the  latter  part  of  the  night  in  the  former  case, 
and  on  the  western  side  during  the  first  part  of  the  night  in 
the  latter  case.  It  is  a  morning  star  in  the  one  case,  and  an 
evening  star  in  the  other. 

2676.  Synodic  period, — The  interval  which  elapses  between 
two  similar  elongations  of  a  planet  is  called  the  synodic 
PERIOD  of  the  planet.  Thus,  the  interval  between  two  suc- 
cessive oppositions,  or  two  successive  eastern  or  western  qua- 
dratures, is  the  synodic  period. 

2576.  Inferior  and  superior  conjunction, — A  superior  planet 
can  never  be  in  conjunction  except  when  it  is  placed  on  the 
side  of  the  sun  opposite  to  the  earth,  so  that  a  line  drawn  from 
the  earth  through  the  sun  would,  if  continued  beyond  the  sun, 
be  directed  to  the  planet.  An  inferior  planet  is,  however,  also 
in  conjunction  when  it  crosses  the  line  drawn  from  the  earth 
to  the  sun,  between  the  earth  and  sun.  The  former  is  dis- 
tinguished as  BUPEBiOR  and  the  latter  as  imferior  conjunction. 

'  Als  inferior  conjunction  necessarily  supposes  the  planet  to  be 
nearer  to  the  sun  than  the  earth,  and  opposition  supposes  it  to 
be  more  distant,  it  follows  that  inferior  planets  alone  can  be  in 
inferior  conjunction,  and  superior  planets  alone  in  opposition. 

2577.  Relation  between  the  periodic  time  and  synodic  period, 
—  Since  the  synodic  period  is  the  interval  between  two  similar 
positions  of  the  earth  and  planet,  the  one  must  gain  upon  the 
other  860^  in  stich  interval.  To  perceive  this,  let  8,  Jig,  729. 
be  the  sun,  p^  the  earth,  and  p  an  inferior  planet  when  in 
inferior  conjunction,  the  common  direction  of  the  motions  of 
both  being  indicated  by  the  arrows.  Leaving  this  position,  the 
angular  motion  of  the  planet  round  8  being  the  more  rapid, 
it  gains  upon  the  earth  as  the  minute-hand  of  a  watch  guns 
upon  the  hour-hand;  and  when,  after  making  a  complete  revo* 
lution,  the  planet  returns  to  the  point  p,  the  earth  will  have 
advanced  from  p^  in  the  direction  of  the  arrow,  so  that  before 
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the  next  inferior  conjunction  can  take  place  the  planet  most 
pass  beyond  p,  and  overtake  the  earth.    Let  p^  be  the  position 


of  the  earth  when  this  takes  pkce>  the  phinet  being  then  at  />« 
It  is  evident,  therefore,  that  in  the  interval  between  two  suc- 
cessive inferior  conjunctions  the  planet  describes  round  the  sua 
360°,  together  with  the  angle  p  s  p,  which  the  earth  has 
described  in  the  same  interval.  If  this  angle,  described  by  the 
earth  in  the  synodic  period,  be  called  a,  the  angle  described 
by  the  planet  in  the  same  interval  will  be  360°+ a. 

If  p  represent  the  place  of  the  earth,  and  p'  that  of  a  superior 
planet  in  opposition,  the  earth  leaving  p,  and  having  a  more 
rapid  angular  motion  round  s,  will  get  before  the  planet  as  the 
minute-hand  gets  before  the  hour-hand,  and  when  it  retuiiis  to 
J"  the  planet  will  have  advanced  in  its  orbit,  so  that  before 
another  opposition  can  take  place  the  earth  must  overtake  it* 
If  this  happen  when  the  planet  is  at  p\  the  earth  in  the  synodic 
period  will  have  made  an  entire  revolution,  and. have  in  additioa 
described  the  angle  /?  s  p,  or  a,  which  the  planet  has  described* 
Thus,  while  a  expresses  the  angle  which  the  superior  planet 
describes  in  the  synodic  period,  360°  + a  expresses  the  angle 
described  by  the  earth  in  the  same  time. 

If  0*,  as  before,  express  the  daily  synodic  motion  of  the  planet^ 
we  shall  have 


360° 


«r"= 


1296000. 
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tod  consequentlj 


T  = 


360^       1296000 


Thus,  when  the  dailj  synodic  motion  is  given,  the  synodic 
time  can  be  computed,  and  vice  versd. 

But  since  <r=a^€y  <r  =  £  — o  (2569),  according  as  the 
planet  is  inferior  or  superior,  we  shall  have  for  an  inferior 
planet 

360^     860^      360° 

T     ^  ~ 

and  therefore 

1      1       1 


for  an  inferior  planet,  and 
360° 


3^      360° 

T    ■"    E     "■    p 
and  therefore 

1_2      1 

T  —  E        P 

for  a  superior  planet,  showing  in  each  case  the  arithmetical 

dilation  between  t,  p,  and  e. 

2578.  The  apparent  motion  of  an  inferior  planet —  To  de- 
duce the  apparent  from  the  real  mo- 
tion of  an  inferior  planet,  let  ^^Jig. 
730.,  be  the  place  of  the  earth,  s  that 
of  the  sun,  and  chcfe  the  orbit  of  the 
planet ;  the  direction  of  the  planet's 
motion  being  shown  by  the  arrows, 
//  the  positions  which  it  assumes  suc- 
cessively are  indicated  at  c',  a',  e,  a, 
c,  by  e',  and  hf.  Since  the  earth  moves 
round  the  sun  in  the  same  direction 
as  the  planet,  the  apparent  motion  of 
the  sun  8  will  be  from  the  left  to  the 
right  of  an  observer  looking  from  e 
at  8 ;  and  since  this  motion  is  always 
from  west  to  east,  the  planet  will  be 
west  of  the  sun  when  it  is  any  where 
in  the  semicircle  cefb'cfy  and  east  of 
Fig.  730.  \i  when  it  is  any  where  in  the  semi- 

circle d  a!eac. 
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The  elongation  (2571)  of  the  planet,  being  the  angle  formed 
by  lines  drawn  to  the  sun  and  planet  from  the  earth,  will  always 
be  east  when  the  planet  is  in  the  semicircle  c^ec,  and  west  when 
in  the  semicircle  t!  e'  e. 

The  planet  will  have  ita  greatest  elongation  east  when  the 
line  s  e  directed  to  it  from  the  earth  is  a  tangent  to  its  orbit, 
and  in  like  manner  its  greatest  eloogatioa  west  when  the  line 
B  ^  is  a  tangent  to  the  orbit. 

In  these  positions  the  angle  ««>,  or  «^e,  at  the  planet  is  90^, 
and  consequently  the  elongation  and  the  angle  e«E,  or  e'^B  at 
the  sun,  taken  together,  make  up  90^. 

It  appears,  therefore,  that  the  greatest  elongation  of  an 
inferior  planet  must  be  less  than  9(r. 

If  the  earth  were  stationary  the  real  orbital  motion  of  the 
planet  would  give  it  an  apparent  motion  alternately  east  and 
west  of  the  sun,  extending  to  a  ceitain  limited  distance,  re- 
sembling the  oscillation  of  a  pendulum.  While  the  planet  moves 
from  c'  to  tf,  it  will  appear  to  depart  from  the  sun  eastward,  and 
when  it  moves  from  e  to  c,  it  will  appear  to  return  to  the  sun ; 
the  elongation  in  the  former  case  constantly  increasing  till  it 
attain  its  maximum  eastward,  and  in  the  latter  constantly  de- 
creasing till  it  become  nothing.  It  is  to  be  observed,  however, 
that  the  orbital  arc  c'  e  being  greater  than  ec,  the  time  of 
attaining  the  greatest  eastern  elongation  after  superior  con- 
junction is  greater  than  the  time  of  returning  to  the  sun  from 
the  greatest  elongation  to  inferior  conjunction. 

After  inferior  conjunction,  while  the  planet  passes  from  c  to 
e',  its  elongation  constantly  increases  from  nothing  at  c  to  its 
maximum  west  at  t! ;  and  when  the  planet  moves  from  t!  to  c\ 
it  again  decreases  until  it  becomes  nothing  at  superior  con- 
junction. Since  the  orbital  arcs,  cd  and  e' c\  are  respectively 
equal  to  ce  and  c'e,  it  follows,  that  the  interval  from  inferior 
conjunction  to  the  greatest  elongation  west,  is  equal  to  the 
interval  from  the  greatest  elongation  east  to  inferior  conjunction. 
In  like  manner,  the  interval  from  superior  conjunction  to  the 
greatest  elongation  east,  is  equal  to  the  interval  from  the 
greatest  elongation  west  to  superior  conjunction. 

The  oscillation  of  the  planet  alternately  east  and  west  is 
therefore  made  through  the  same  angle — that  is,  the  angle  «e^, 
included  by  tangents  drawn  to  the  planet's  orbit  from  the  earth ; 
but  the  apparent  motion  from  the  greatest  elongation  west  to 
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the  greatest  elongation  east  is  slower  than  the  apparent  motion 
from  the  greatest  elongation  east  to  the  greatest  elongation 
west,  in  the  ratio  of  the  length  of  the  orbitual  arcs  ecV  to  ece^. 

The  planet  beii^  included  within  the  orbit  of  the  earth,  the 
orbital  motion  of  the  earth  will  give  it  an  apparent  motion  in 
the  ecliptic  in  the  same  direction  as  the  apparent  motion  of  the 
sun  ;  but  since  the  apparent  motion  of  a  visible  object  increases 
as  its  distance  decreases,  and  vice  vers^  and  nnce  the  planet 
being  at  a  considerable  distance  from  the  centre  of  the  earth's 
orbit,  the  distance  of  the  earth  from  it  is  subject  to  variation,  the 
apparent  motion  imparted  to  the  planet  hj  the  earth's  orbital 
motion  will  be  subject  to  a  proportionate  variation,  being  great- 
est when  the  planet  is  in  inferior  conjunction,  and  least  when 
in  superior  conjunction. 

The  apparent  motion  of  the  planet,  as  it  is  prelected  upon  the 
firmament  hy  the  visual  ray,  arises  from  the  combined  effect  of 
its  own  orbital  motion  and  that  of  the  earth.  Now  it  is  evident 
from  what  has  been  just  explained,  that  the  effect  of  the  planet's 
own  motion  is  to  give  it  an  apparent  motion  from  west  to  east 
while  passing  from  its  greatest  elongation  west  through  superior 
conjunction  to  its  greatest  elongaticm  east,  and  a  contrary  ap- 
parent motion  from  east  to  west  while  passing  from  its  greatest 
elongation  east  to  its  greatest  elongation  west  through  inferior 
eoi\}  unction. 

But  since,  in  all  positions,  the  effect  of  the  orbital  motion  of 
the  earth  is  to  give  the  planet  an  apparent  motion  directed  from 
west  to  east,  both  causes  combine  to  impart  to  it  this  apparent 
motion  whik  passing  from  its  western  to  its  eastern  elongation 
through  superior  conjunction.  On  the  other  hand,  the  effect  of 
the  orbital  motion  of  the  planet  being  an  apparent  motion  from 
east  to  west  in  passing  from  its  eastern  to  its  western  elon- 
gation through  inferior  conjunction,  while,  on  the  contrary,  the 
earth's  motion  imparts  to  it  an  apparent  motion  from  west  to 
east,  the  actual  apparent  motion  of  the  planet,  resulting  from 
the  difference  of  these  effects,  will  be  westward  or  eastward 
according  as  the  effect  of  the  one  or  the  other  predominates,  and 
the  planet  will  be  stationary  when  these  opposite  effects  are  equal. 

In  leaving  the  greatest  eastern  elongation  the  effect  of  the 
eartli's  motion  predominates,  and  the  apparent  motion  of  the 
planet  continues  to  be,  as  before,  eastward.  As,  in  approaching 
inferior  conjunction,  the  direction  of  the  planet's  motion  be** 
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comes  more  and  more  transverse  to  the  visual  line,  and  th^ 
distance  of  the  planet  decreases,  the  effect  of  the  planet's  motion 
increasing  becomes,  at  length,  equal  to  the  effect  of  the  earth's 
motion,  and  the  planet  then  becomes  stationary.  This  takes 
place  at  a  certain  elongation  east.  After  this,  the  effect  of  the 
planet's  motion  predominating,  the  apparent  motion  becomes 
westward,  and  this  westward  motion  continues  through  inferior 
conjunction,  until  the  planet  acquires  a  certain  elongation  west^ 
equal  to  that  at  which  it  became  previously  stationary.  Here 
the  effects  becoming  again  equal,  the  planet  is  again  stationary, 
after  which,  the  effect  of  the  earth's  motion  predominating,  the 
apparent  motion  becomes  eastward,  and  continues  so  to  the 
greatest  elongation  west,  after  which,  as  before,  both  causes 
combine  in  rendering  it  eastward. 

2579.  Direct  and  retrograde  motian* — When  a  planet  appears 
to  move  in  the  direction  in  which  the  sun  appears  to  move,  its 
apparent  motion  is  said  to  be  dibect  ;  and  when  it  appears  to 
move  in  the  contrary  direction,  it  is  said  to  be  retrograde. 

From  what  has  been  explained  above,  it  appears  that  the 
apparent  motion  of  an  inferior  planet  is  always  direct,  except 
within  a  certain  elongation  east  and  west  of  inferior  conjunction, 
when  it  is  retrograde. 

The  extent  of  this  arc  of  retrogression  depends  on  the  relative 
distances,  and  consequent  relative  orbital  velocities,  of  the  earth 
and  planet. 

2580.  Apparent  motion  a$  projected  on  the  ecliptic. — From 
what  has  been  here  explained  the  apparent  motion  of  the  planet 
on  the  firmament  will  be  easily  understood.  Let  abefk, 
^.  731.,  represent  the  ecliptic  in  which  the  planet  is  at  present 
supposed  to  move.  While  passing  from  its  western  to  its  eastern 
elongation  it  appears  to  move  in  the  same  direction  as  the  sun, 
from  A  towards  b.  As  it  approaches  b  its  apparent  motion  east- 
ward  becomes  gradually  slower  until  it  stops  altogether  at  b,  and 
becomes,  for  a  short  interval,  stationary ;  it  then  moves  west-> 
ward,  returning  upon  its  course  to  c,  where  it  again  becomes 
stationary;  after  which  it  again  moves  eastward,  and  continues  to 
move  in  that  direction  till  it  arrives  at  a  certain  point  d,  where 
it  again  becomes  stationary;  and  then,  returning  upon  its  course, 
it  again  moves  westward  to  s,  where  it  again  becomes  stationary; 
after  which  it  again  changes  its  direction  and  moves  eastward  to 
F,  where,  after  being  stationary,  it  turns  westward,  and  so  on. 
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The  middle  points  of  the  arcs  bc,  de,  fo,  &c  of  retrogression 
are  those  at  which  the  planet  is  in  inferior  conjunction;  and  the 


Fig.  731. 

middle  points  of  the  arcs  CD,  bf,  gh,  &c.  of  progression  are  those 
at  which  the  planet  is  in  superior  conjunction. 

2581.  Origin  of  the  term  *^  planet.** — These  complicated  and 
apparently  irregular  movements,  by  which  the  planets  are  dis- 
tinguished from  all  other  celestial  objects,  suggested  to  the 
ancients,  whose  knowledge  of  astronomy  was  too  imperfect  to 
enable  them  to  trace  such  motions  to  fixed  and  regular  laws, 
the  name  planet,  from  the  Greek  word  ^Xav^nyc  (planetes), 
wanderer, 

2582.  Apparent  motion  of  a  superior  planet. — To  deduce  the 
apparent  motion  of  a  superior  planet  from  the  real  orbital 
motions  of  the  earth  and  the  planet,  let  89  fig.  732.,  be  the  place 
of  the  sun,  p  that  of  the  planet,  and  eb's'^'e"  the  orbit  of  the 
earth  included  within  that  of  the  planet,  the  direction  of  the 
motions  of  the  earth  and  planet  being  indicated  by  the  arrows. 

When  the  earth  is  at  e'",  the  sun  s  and  planet  p  are  in  the 
0ame  yisual  line^  and  the  planet  is  consequently  in  conjunction* 
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When  th«  earth  moves  to  €^,  the  elongation  of  the  planet  west  of 
the  sun  is  se^p.    This  elongation  increasing  as  the  earth  moves 


Fig.  732. 

in  its  orbit,  becomes  90°  at  e',  when  the  visual  direction  k'p  of 
the  planet  is  a  tangent  to  the  earth's  orbit,  and  the  planet 
is  then  in  its  western  quadrature. 

While  the  earth  continues  its  orbital  motion  to  (f'\  the 
elongation  west  of  the  sun  continues  to  increase,  and  at  length, 
when  the  earth  comes  to  the  position  £,  it  becomes  180^,  and  the 
planet  is  in  opposition. 

After  passing  e,  when  the  earth  moves  towards  e",  the  elon- 
gation of  the  planet  is  east  of  the  sun,  and  is  less  than  180°,  but 
greater  than  90°.  As  the  earth  continues  to  advance  in  its 
orbit,  the  elongation  decreasing  becomes  90°  when,  at  e",  the 
visual  direction  of  the  planet  is  a  tangent  to  the  earth's  orbit. 
The  planet  is  then  in  its  eastern  quadrature. 

As  the  earth  moves  from  k"  to  e'",  the  elongation,  being  still 
east,  constantly  decreases  until  it  becomes  nothing  at  e'",  where 
the  planet  is  in  conjunction. 

2583.  Direct  and  retrograde  motion, — ^If  the  planet  were  im- 
moveable, the  effect  of  the  earth's  motion  would  be  to  give  it  an 
oscillatory  motion  /ilternately  eastward  and  westward  through 
the  angle  e'pe'',  which  the  earth's  orbit  subtends  at  the  planet. 
While  the  earth  moves  from  e"  through  e"'  to  e',  the  planet 
would  appear  to  move  eastward  through  the  angle  is!til'\  and 
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while  the  earth  moyes  from  e^  through  b  to  b!'^  it  would  appear 
to  more  westward  through  the  same  angle. 

Thus  the  effect  of  the  earth's  motion  alone  is  to  make  the 
planet  appear  to  move  from  east  to  west  and  from  west  to  east 
alternately  through  a  certain  arc  of  the  ecliptic,  the  length  of 
which  will  depend  on  the  relation  hetween  the  distances  of  the 
earth  and  planet  from  the  sun,  the  arc  being  in  fact  measured 
by  the  angle  which  the  earth's  orbit  subtends  at  the  planet,  and, 
consequently,  this  angle  of  apparent  oscillation  will  decrease  in 
the  same  ratio  as  the  distance  of  the  planet  increases. 

The  times  in  which  the  two  oscillations  eastward  and  west- 
ward would  be  made  are  not  equal,  the  time  from  the  western 
to  the  eastern  quadrature  being  less  than  the  time  from  the 
eastern  to  the  western  quadrature  in  the  ratio  of  the  orbital 
arc  e'ek"  to  the  arc  e"e"'k'. 

It  is  evident  that  the  more  distant  the  planet  P  is  the  less 
unequal  these  arcs,  and,  consequently,  the  less  unequal  the 
intervals  between  quadrature  and  quadrature  will  be. 

But,  meanwhile,  the  earth  being  included  within  the  orbit  of 
the  planet,  the  effect  of  the  planet's  orbital  motion  will  be  to 
give  it  an  apporent  motion  in  the  ecliptic  always  in  the  same 
direction  in  which  the  sun  would  move  when  in  the  same  place, 
and  therefore  always  eastward  or  direct. 

This  apparent  motion,  though  always  direct,  is  not  uniform, 
since  it  increases  in  the  same  ratio  as  the  distance  of  the  earth 
from  the  planet  decreases,  and  vice  versa.  This  apparent 
motion  thus  due  to  the  planet's  own  orbital  motion  is,  therefore, 
greater  from  western  to  eastern  quadrature  than  from  eastern 
to  western  quadrature. 

From  eastern  to  western  quadrature,  through  conjunction,  the 
apparent  molioe  of  the  planet  is  direct,  because  both  its  own 
orbital  motion  and  that  of  the  earth  combine  to  render  it  so. 
From  western  quadrature,  as  the  planet  approaches  opposition, 
the  effect  of  the  earth's  motion  is  to  render  the  planet  retrograde, 
while  the  effect  of  its  own  motion  is  to  render  it  direct.  On 
leaving  quadrature  the  latter  effect  predominates,  and  the  ap- 
parent motion  is  direct ;  but  at  a  certain  elongation,  before 
arriving  at  opposition,  the  effect  of  the  earth's  motion  increasing 
becomes  equal  to  that  of  the  planet,  and,  neutralising  it,  renders 
the  planet  stationary;  after  which,  the  effect  of  the  earth's 
motion  predominating,  the  planet  becomes  retrograde,  and  con^ 
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tinues  so  until  it  acquires  an  equal  elongation  east,  when  it 
again  becomes  stationaiy,  and  is  afterwards  direct,  and  con* 
tinues  so. 

2584.  Apparent  motion  projected  on  the  ecliptic. — Let  A^^g, 
733.,  represent  the  place  of  a  superior  planet  when  moving  from 


Fig.  733. 

its  western  quadrature  towards  conjunction,  its  apparent  motion 
being  then  direct  Let  b  be  the  point  where  it  becomes  sta- 
tionary after  its  eastern  quadrature ;  its  apparent  motion  then 
becoming  retrograde,  it  appears  to  return  upon  its  course  and 
moves  westward  to  c,  where  it  again  becomes  stationary  ;  af^er 
which  it  again  returns  on  its  course  and  moves  direct  or  east- 
ward, and  continues  so  until  it  arrives  at  a  certain  point  d  after 
its  western  quadrature,  when  it  again  becomes  stationary,  and 
then  again  retrogrades,  moving  through  the  arc  de,  which  will  be 
equal  to  BC;  after  which  it  will  again  become  direct,  and  so  on. 
The  places  of  the  planet's  opposition  are  the  middle  points  of 
the  arcs  of  retrogression  bc,  de,  fg,  &c  ;  and  the  places  of 
conjunction  are  the  middle  points  of  the  arcs  of  progression 

€D,  EF,  GH,  &C. 
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It  is  evident,  therefore,  that  the  apparent  motion  of  a  supe- 
rior planet  projected  on  the  ecliptic  is,  in  all  respects,  similar  to 
that  of  an  inferior  planet,  the  difierence  being,  that  in  the  latter 
the  middle  point  of  the  arc  of  retrogression  corresponds  to  infe- 
rior conjunction,  while  in  the  former  it  corresponds  to  opposition. 

It  will  be  apparent  from  what  has  been  explained  that  the 
angle  which  the  earth  gains  upon  the  planet  in  the  interval 
between  s  western  and  eastern  quadratures  is  the  angle  which 
the  earth's  orbit  subtends  at  the  planet,  or  twice  the  annual 
parallax  (2442)  of  the  planet. 

2585.  Conditions  under  which  a  planet  is  visible  in  the  ab-* 
sence  of  the  sun.  —  It  is  evident  that  to  be  visible  in  the 
absence  of  the  sun  a  celestial  object  must  be  so  far  elongated 
from  that  luminary  as  to  be  above  the  horizon  before  the 
commencement  of  the  morning  twilight  or  after  the  end  of 
the  evening  twilight.  One  or  two  of  the  planets  have,  never- 
theless, an  apparent  m^nitude  so  considerable,  and  a  lustre  sa 
intense,  that  thej  are  sometimes  seen  with  the  naked  eje,  even 
before  sunset  or  after  sunrise,  and  may,  in  some  cases,  be 
seen  with  a  telescope  when  the  sun  has  a  considerable  alti- 
tude. In  general,  however,  to  be  visible  without  a  tele- 
scope, a  planet  must  have  an  elongation  greater  than  30®  to  35®* 

2586.  Evening  and  morning  star. — Since  the  inferior  planets 
can  never  attain  so  great  an  elongation  as  90°,  they  must  always 
pass  the  meridian  at  an  interval  considerably  less  than  six  hours 
before  or  after  the  sun.  If  they  have  eastern  elongation  they 
pass  the  meridian  in  the  afternoon,  and  are  visible  above  the 
horizon  after  sunset,  and  are  then  called  EVENma  stars.  If 
they  have  western  elongation  they  pass  the  meridian  in  the  fore- 
noon, and  are  visible  above  the  eastern  horizon  before  sunrise, 
and  are  then  called  morning  stars. 

2587.  Appearance  of  superior  planets  at  various  elongations, 
— A  superior  planet,  having  every  degree  of  elongation  east  and 
west  of  the  sun  from  0**  to  180®,  passes  the  meridian  during  its 
synodic  period  at  all  hours  of  the  day  and^ight.  Between  con- 
junction and  quadrature,  its  elongation  east  or  west  of  the  sun 
being  less  than  90®,  it  passes  the  meridian  earlier  than  six 
o*cl9ck  in  the  afternoon  in  the  former  case,  and  later  than  six 
o'clock  in  the  forenoon  in  the  latter  case,  being,  like  an  inferior 
planet,  an  evening  star  in  the  former  and  a  morning  star  in  the 
latter  case, 
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At  eastern  quadrature  it  passes  the  meridian  at  six  in  the 
evening,  and  at  western  quadrature  at  six  in  the  in(»ming,  ap- 
pearing still  as  an  eTening  star  in  the  former  and  as  a  morning 
star  in  the  latter  case. 

Between  the  eastern  quadrature  and  opposition,  the  elon* 
gation  being  more  than  90^  east  of  the  sun,  the  planet  must 
pass  the  meridian  between  six  o'clock  in  the  evening  and  mid- 
night, and  is  therefore  visible  from  sunset  until  some  hours 
before  sunrise.  Between  western  quadrature  and  opposition, 
the  elongation  being  more  than  90°  west  of  the  sun,  the  planet 
must  pass  the  meridian  at  some  time  between  midnight  and  six 
o'clock  in  the  morning,  and  it  is  therefore  visible  from  some 
hours  after  sunset  until  sunrise. 

At  opposition  the  planet  passes  the  meridian  at  midnight, 
and  is  therefore  visible  from  sunset  to  sunrise. 

2588.  To  find  the  periodic  time  of  the  planet, — There  are 
several  solutions  of  this  problem,  which  give  results  having 
different  degrees  of  approximation  to  the  exact  value  of  the 
quantity  sought. 

2589.  1°.  By  means  of  the  synodic  period. — If  the  synodic 
period  t  be  ascertained  by  observation,  we  shall  have  for  an 
inferior  planet  (2577), 
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and  consequently 
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and  for  a  superior 
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T* 

In  each  case,  therefore,  p  may  be  found,  e  and  t  being  known. 

This  method  gives  a  certain  approximation  to  the  value  of  the 
period ;  but  the  synodic  time  not  being  capable  of  very  exact 
appreciation  by  observation,  the  method  does  not  supply  ex- 
tremely accurate  results. 

2590.  2®.  By  observing  the  transit  through  the  nodes,  —  The 
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periodic  time  may  also  be  determined  by  observing  tbe  interval 
between  two  successive  passages  of  the  planet  through  the 
plane  of  the  ecliptic 

It  has  been  already  stated  that,  although  the  planets  move 
nearly  in  the  plane  of  the  ecliptic,  they  do  not  exiMctly  do  so. 
Their  paths  are  inclined  at  very  small  angles  to  the  ecliptic,  and 
they  consequently  must  pass  from  one  side  to  the  other  of  the 
plane  of  the  earth's  orbit  twice  in  each  revolution.  If  the  mo- 
ments of  thus  passing  through  the  plane  of  the  earth's  orbit  on 
the  same  side  of  the  sun  be  observed  twice  in  immediate  suc- 
cession, the  interval  will  be  the  periodic  time. 

Owing  to  the  very  small  inclination  of  the  orbits  in  general, 
it  is  impossible  to  ascertain  with  great  precision  the  time  of  the 
centre  of  the  planet  passing  through  the  ecliptic,  and  therefore 
this  method  is  only  approximation. 

2591.  3^  By  comparing  oppositions  or  conjunctions  having 
the  same  sidereal  place, — The  periodic  time  of  a  planet  being 
approximately  found  by  either  of  tbe  preceding  methods,  it  may 
be  rendered  more  exact  by  the  following. 

When  a  planet  is  in  superior  conjunction  or  in  opposition  its 
place  in  the  firmament  is  the  same,  whether  viewed  from  the 
earth  or  from  the  sun.  Now,  if  two  oppositions  or  conjunctions 
separated  by  a  long  interval  of  time  be  found,  at  which  the  ap- 
parent place  of  the  planet  in  the  firmament  is  the  same,  it  may 
be  inferred  that  a  complete  number  of  revolutions  must  have 
taken  place  in  the  interval.  Now  the  periodic  time  being  found 
approximately  by  either  of  the  methods  already  explained,  it 
will  be  easy  to  find  by  it  how  many  revolutions  of  the  planet 
must  have  taken  place  between  the  two  distant  oppositions.  If 
the  periodic  time  were  known  with  precision,  it  would  divide 
the  interval  in  question  without  a  remainder ;  but  being  only 
approximate  it  divides  it  with  a  remainder.  Now  the  nearest 
multiple  of  the  approximate  period  to  the  interval  between  the 
two  oppositions  will  be  that  multiple  of  the  true  period  which 
is  exactly  equal  to  the  interval.  The  division  of  the  interval 
by  tbe  number  thus  determined  will  give  the  more  exact  value 
of  the  period. 

2692.  4^.  By  the  daily  angular  motion,  —  The  daily  angular 
geocentric  motion  may  be  observed,  and  the  heliocentric 
motion  thence  computed.  If  the  mean  heliocentric  daily 
motion  a"  can  be  obtained  by  means  of  a  sufficient  number 
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of  observations^  the  period  will    be  given    by    the   formula 
(2568;^ 

„       1296000 

2593.  To  find  the  distances  of  the  planets  from  the  sun. — 
One  of  the  most  obvious  methods  of  solving  this  problem  is  by 
observing  the  elongation  of  the  planet,  and  computing,  as 
always  may  be  done,  the  angle  at  the  sun.  Two  angles  of  the 
triangle  formed  by  the  earth,  sun,  and  planet,  will  thus  be 
known,  and  a  triangle  may  be  drawn  of  which  the  sides  will  be 
in  the  same  proportion  as  those  of  the  triangle  in  question. 
The  ratio  of  the  earth's  distance  from  the  sun  to  the  planet's 
distance  from  the  sun  will  thus  become  known  (2296);  and  as 
the  earth's  distance  has  been  already  ascertained,  the  planet's 
distance  may  be  immediately  computed. 

Other  methods  of  determining  the  distances  will  be  explained 
hereafter. 

2594.  Phases  of  a  planet  —  While  a  planet  revolves,  that 
hemisphere  which  is  presented  to  the  sun  is  illuminated,  and 
the  other  dark.  But  since  the  same  hemisphere  is  not  presented 
generally  to  the  earth,  it  follows  that  the  visible  hemisphere  of 
the  planet  will  consist  of  a  part  of  the  dark  and  a  part  of  the 
enlightened  hemisphere,  and,  consequently,  the  planet  will  ex- 
hibit PHASES,  the  varieties  and  limits  of  which  will  depend  upon 
the  relative  directions  of  the  lines  drawn  from  the  earth  and 
sun  to  the  planet  It  is  evident  that  the  section  of  the  planet 
at  right  angles  to  a  line  drawn  from  the  sun  to  its  centre  is  the 
base  of  its  enlightened  hemisphere,  while  the  section  at  right 
angles  to  a  line  drawn  from  the  earth  to  its  centre,  is  the  base 
of  its  visible  hemisphere.     The  less  the  angle  included  between 

these  lines  is,  the  greater  will  be  the  por- 
^^  tion  of  the  visible  hemisphere  which  is 

ufl^Jtf'  enlightened. 

^p<«»'  Let  p,  fig,  734.,  be  the  centre  of  the 

i       \  planet,  p  s  the  direction  of  a  line  drawn  to 

the  sun,  and /?E  that  of  one  drawn  to  the 

'\      earth ;  IV  will  then  be  the  base  of  the  en- 

*    lightened,  and  rr' the  base  of  the  visible 

hemisphere  of  the  planet     The  point  m' 

will  be  the  centre  of  the  former,  and   m 

ig.  734.  ^£  ^^^  latter.     The    visible    hemisphere 
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^ill  then  be  enlightened  over  the  space  xftnlml^  the  part 
vl  being  dark.  This  dark  part  will  be  measured  by  the  arc  vly 
which  is  evidently  equal  to  mm\  and  therefore  measured  bj 
the  angle  formed  by  the  lines  ps  and  /ie  drawn  from  the  planet 
in  the  directions  of  the  sun  and  the  earth. 

When  this  angle  s/7E  is  less  than  90°,  as  in  fig,  734.,  the 
breadth  of  the  enlightened  partv^m^m/of  the  visible  hemi- 
sphere is  greater  than  90%  and  the  planet  appears  gibbous,  as 
the  moon  does  when  between  opposition  and  quadratures. 

When  the  angle  8/>e  is  greater  than  90°,  as  in  fi>g,  735.,  the 
breadth  v'l  of  the  enlightened  part  of  the  visible  hemisphere  is 
less  than  90°,  and  the  planet  appears  as  a  crescent,  like  the  moon 
between  conjunction  and  quadrature. 

When  the  angle  s/ie  =  0,  which  happens  when  the  earth  is 
between  the  sun  and  planet,  as  in^.  736.,  the  centres' of  the 


■4 


« 


Fig.  735. 


Fig.  736. 


Fig.  737. 


enlightened  hemisphere  is  presented  to  the  earth,  and  the  planet 
appears  with  a  full  phase,  as  the  moon  does  in  opposition. 
This  always  happens  when  the  planet  is  in  opposition. 

When  the  angle  8/>e  becomes  =180°,  as  in  fig,  737.,  the 
centre  m  of  the  dark  hemisphere  is  presented  to  the  earth,  and 
therefore  the  entire  hemisphere  turned  in  that  direction  is  dark. 
This  takes  place  when  the  planet  is  between  the  earth  and  sun, 
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which  can  only  happen  when  an  inferior  planet  is  in  inferior 
conjunction* 

2695.  I^uues  t^an  inferior  pianet — It  will  be  evident  from 
inspecting  the  diagram,  j€^.  730.,  representing  the  relatiye  posi- 
tions of  an  inferior  planet  with  respect  to  the  son  and  earth, 
that  the  angle  formed  bj  lines  drawn  from  the  planet  to  the  sun 
and  earth  passes  through  all  magnitudes  from  0^  to  180^,  and 
consequentlj  such  a  planet  exhibits  every  yarietj  of  phase. 
Passing  from  c  towards  n^,  the  angle  sbm  gradualij  decreases 
from  180^  to  90^,  and  therefore  the  phase,  at  first  a  thin  crescent, 
increases  in  breadth  until  it  is  halved  like  the  moon  in  quadra- 
tare.  From  e^  to  c^  the  angle  sb'E  gradually  decreases  from 
90°  to  0®,  and  the  planet  beginning  by  being  gibbous,  the 
breadth  of  the  enlightened  part  gradually  increases  until  it 
becomes  full  at  c\  From  i/  to  e,  and  thence  to  c,  these  phases 
are  reproduced  for  like  reasons  in  the  opposite  order. 

2596.  Phases  of  a  superior  planet  —  It  will  be  evident  on 
inspecting  fig*  738.,  that  in  all  positions  whatever  of  a  supe- 
rior planet,  the  lines  drawn  from 
it  to  the  earth  are  inclined  at 
an  angle  less  than  90° ;  and  this 
angle  is  so  much  the  smaller  the 
greater  the  orbit  of  the  planet  is 

i  comparatively  with  that  of  the 

I  earth.      The  angle  sa^   being 

nothing  at  o  increases  until  the 

planet  is  in  quadrature   at  ^, 

where  it  is  greatest;   and  then 

the  breadth  of  the  enlightened 

part  is  least,  and  is  equal  to  the 

Fig.  7S8.  difference  between  the  angle  s^n 

and  180*.     From  ^  to  c  the  angle  sb'^R  decreases,  and  becomes 

nothing  at  c.     The  planet  is  therefore  full  at  opposition  and 

conjunction,  and  is  most  gibbous  at  quadrature. 

It  will  appear  hereafter  that,  with  one  exception,  all  the  su- 
perior planets  are  at  distances  from  the  sun  so  much  greater 
than  that  of  the  earth,  that  even  at  quadrature  the  angle  ^^'b 
is  so  small,  that  the  departure  of  the  phase  from  fulness  is  not 
sensible. 

2597.  The  planets  are  subject  to  a  central  attraction, — ^If  a 
body  in  motion  be  not  subject  to  the  action  of  any  external  force. 
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it  must  move  in  a  straight  line.  If,  therefore,  it  be  obaeryed  to 
move  in  any  curvilinear  path,  it  may  be  inferred  that  it  is  acted 
upon  bj  some  force  or  forces  exterior  to  it,  which  constantly 
deflect  it  from  the  straight  course  which,  in  virtue  of  its  inertia, 
it  must  follow  if  left  to  itself  (220).  This  force  must,  more- 
over, be  incessant  in  its  operation,  since,  if  its  action  were 
suspended  for  a  moment,  the  bodj  during  such  suspension  would 
move  in  the  direction  of  the  straight  line,  which  would  be  a 
tangent  to  the  curve  at  the  point  where  the  action  of  the  force 
wae  suspended. 

Now,  since  the  orbits  of  the  planets,  including  the  earth,  are 
all  curved,  it  follows  that  thej  are  all  under  the  incessant 
operation  of  some  force  or  forces^  and  it  becomes  an  important 
problem  to  determine  what  is  the  direction  of  these  forces, 
whether  thej  are  one  or  sev^al,  and,  in  fine,  whether  they  are 
of  invai-iable  intensity,  or,  if  variable,  what  is  the  law  and  con- 
ditions of  their  variation. 

2598.  What  is  the  centre  to  which  this  attraction  is  di- 
rected?—  We  are  aided  in  this  inquiry  by  a  principle  of  the 
highest  generality  and  the  greatest  simplicity,  established  by 
Newton,  the  demonstration  of  which  forms  the  subject  of 
the  first  two  propositions  of  his  celebrated  work,  entitled  the 
"  Principia.** 

2699.  General  principle  of  the  centre  of  equal  areas  demon' 
strated.  —  If  from  any  point  taken  as  fixed  a  straight  line  be 
drawn  to  a  body  which  moves  in  a  curvilinear  path,  such  line 
is  called  the  radius  vector  of  the  moving  body  with  relation  to 
that  point  as  a  centre  of  motion.  As  the  body  moves  along  its 
curvilinear  path,  the  radius  vector  sweeps  ova:  a  certain  su- 
perficial area,  greater  or  less,  according  to  the  velocity  and 
direction  of  the  motion  and  the  length  of  the  radius  vector. 
This  superficial  space  is  called  the  "  area  described  by  the 
radius  vector,"  or,  sometimes,  the  ^'  area  described  by  the  moving 
body." 

Thus,  for  example,  if  c,  ^g,  739.,  be  the  point  taken  as  the 
centre  of  motion,  and  bb'^  be  a  part  of  the  path  of  the 
moving  body,  cb  and  ob^  will  be  two  positions  of  the  *'  radius 
vector,"  and  in  passing  from  one  of  these  positions  to  the 
other,  it  will  sweep  over  or  *^  describe"  the  superficial  space  or 
''area"  included  between  the  lines  cb  and  cb',  and  the  body 
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is  said  shortly  to  '^  describe  this  area  round  the  point  c  as  a 
centre." 

Now,  according  to  the  principle  esta-^ 
blished  by  Newton,  it  appears  that  when* 
ever  a  body  moves  in  a  curvilinear  orbit, 
under  the  attraction  of  a  force  directed  to 
a  fixed  centre,  such  a  body  will  describe 
round  such  centre  equal  areas  in  equal 
times;  and  it  is  proved  also  conversely, 
that  if  a  point  can  be  found  within  the 
curvilinear  orbit  of  a  revolving  body, 
round  which  such  body  describes  equal 
areas  in  equal  times,  such  body  is  in  that 
case  subject  to  the  action  of  a  single  force^ 
always  directed  towards  that  point  as  a 
centre.  It  follows,  in  short,  that  *'  the 
centre  of  equable  areas  is  the  centre  of 
force,  and  that  the  centre  of  force  is  ttie 
centre  of  equable  areas^ 

As  this  is  a  principle  of  high  generality 
and  capital  importance,  and  admits  of  de- 
monstration by  the  most  elementary  prin- 
ciples of  mechanics  and  geometry,  it  may  be 
proper  to  explain  it  here. 
If  a  body  b  move  independently  of  the  action  of  any  force 
upon  it,  its  motion  must  be  in  a  straight  line,  and  must  be  uni- 
form. It  must,  therefore,  move  over  equal  spaces  per  second. 
Let  its  velocity  be  such,  that  in  the  first  second  it  would  move 
from  B  to  B^  In  the  next  second,  if  no  force  acted  upon  it,  it 
would  move  through  the  equal  space  b^6'  in  the  same  direc'* 
tion.  But  if  at  b'  it  receive  from  a  force  directed  to  c,  an  im- 
pulse which  in  a  second  would  carry  it  from  b'  to  c',  it  will 
then  be  affected  by  two  motions,  one  represented  by  Ylb\ 
and  the  other  by  b'c',  and  it  will  move  in  the  diagonal  b'b'^  of 
the  parallelogram,  and  at  the  end  of  the  second  second  will 
be  at  b". 

Now,  in  the  first  second,  the  radius  vector  described  the  area 
BCB^,and  in  the  next  second  it  described  the  area  b'cb".  It 
is  easy  to  show  that  these  areas  are  equal.  For  since  bb""  »  b'6', 
the  areas  bob'  and  B^cb'  are  equal;  and  since  b^Bf'  is  parallel  to 
b'c,  the  areas  b'c6'  and  b'cb''  are  equal  by  the  well-known 


Fig.  739. 


Digitized  by 


Google 


THE  SOLAR  SYSTEM.  27a 

property  of  triangles.  Therefore  the  areas  bob'  and  b'cb",  de- 
scribed bj  the  radius  vector  in  the  first  and  second  seconds,  are 
equaL 

If  the  body  received  no  impulse  from  the  central  force  at  b", 
it  would  move  over  "b!'})'  =  b'b^'  in  the  third  second,  but  re- 
ceiving from  the  central  force  another  impulse  sufficient  to  carry 
it  from  is!'  to  c'\  it  again  moves  over  the  diagonal  b''  b'''  of  the 
next  parallelogram,  and  at  the  end  of  the  third  second  is  found 
at  'Bf'\  It  is  shown  in  the  same  manner  that  the  area  of  the 
triangle  b'^cb'''  is  equal  to  b'cb''  and  to  bob'  ;  so  that  in  every 
succeeding  second  the  radius  vector  describes  round  c  an  equal 
area. 

In  this  case  it  has  been  supposed  that  the  force,  instead  of 
acting  continuously,  acts  by  a  succession  of  impulses  at  the  end 
of  each  second,  and  the  body  describes,  not  a  curve,  but  a 
polygon.  If  the  succession  of  impulses  were  by  tenths,  hun- 
dredths, or  thousandths,  or  any  smaller  fraction  of  a  second,  the 
areas  would  still  be  in  the  ratio  of  the  times,  but  the  polygon 
would  have  more  numerous  and  smaller  sides.  In  fine,  if  the 
intervals  of  the  action  of  the  force  be  infinitely  small,  the  sides 
of  the  polygon  would  be  infinitely  small  in  magnitude  and  great 
in  number.  The  force  would,  in  fact,  be  continuous,  instead  of 
being  intermitting,  and  the  path  of  the  body  would  be  a  curve, 
instead  of  being  a  polygon.  The  areas,  however,  described  by 
the  radius  vector  round  the  centre  of  force  c,  would  still  be  pro- 
portional to  the  time. 

The  converse  of  the  principle  is  easily  inferred  by  reasoning 
altogether  similar.  If  c,  Jig.  739.,  be  the  centre  of  equal  areas, 
it  will  be  the  centre  of  attraction ;  for  let  "bH/  be  taken  equal  to 
BB^.  The  triangular  area  b!  Qh'  will  then  be  equal  to  the  area 
bcb'  by  the  common  properties  of  triangles,  and  since  the  areas 
described  round  c  in  successive  seconds  are  equal,  we  have  the 
areaB'cB"'  :=-  bcb',  and  therefore  =b'c 6'.  Hence  we  infer 
that  b'cb"  =  b'c6',  and  therefore  that  the  line  6'b''  is  parallel 
to  b'c.  The  force  therefore  expressed  by  the  diagonal  b'b"  of 
the  parallelogram  is  equivalent  to  the  forces  expressed  by  the 
sides.  The  body  at  b'  therefore,  besides  the  projectile  force 
bb'  or  b'  ft',  is  urged  by  a  central  force  directed  to  c. 

2600.  Linear^  angular^  and  ureal  velocity, — In  the  descrip- 
tion and  analysis  of  the  planetary  motions,  there  are  three 
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quantities  which  there  is  frequent  occasion  to  express  in 
reference  to  the  unit  of  time,  and  to  which  the  common  name 
of  "  velocity  "  is  consequently  applied. 

V.  The  linear  velocity  of  a  planet  is  the  actual  space  over 
which  it  moves  in  its  orbit  in  the  unit  of  time.  We  shall 
invariably  express  this  velocity  by  v. 

2®.  The  angular  velocity  is  the  angle  (b  c  b'  in  Jig.  739.), 
which  the  radius  vector  from  the  sun  to  the  planet  moves 
over  in  the  unit  of  time.  We  shall  invariably  express  this  by 
the  Greek  letter  a. 

3*^.  The  areal  velocity  is  the  area  (b  c  b'  in  Jig.  739.),  which 
the  radius  vector  from  the  sun  to  the  planet  sweeps  over  in 
the  unit  of  time.     We  shall  express  this  by  a. 

2601.  Relation  between  angular  and  areal  velocities, — Kb"c', 
^.  739.,  be  supposed  to  be  perpendicular  to  b'  c,  the  area  of 
the  triangle  b'  c  b"  will  be  ^  b'  c  x  b"  </.  But  since  in  this 
case  b''  (/  may  be  considered  as  the  arc  of  a  circle,  of  which  c 
is  the  centre  and  b"  c  the  radius,  we  shall  have  (2292), 

*   ^"206265' 
where  the  distance  b^^  o  of  the  planet  from  the  sun,  or  the 
radius  vector,  is  expressed  by  r.     Hence  we  have 

—  1   '  '^  ,      i  r^  xa 

A-^B  CXB    c  -206265* 

Hence  the  areal  velocity  is  always  proportional  to  the  product 
of  the  angular  velocity  and  the  square  of  the  radius  vector  or 
distance. 

To  ascertain,  therefore,  whether  any  point  within  the  orbit 
of  a  planet  be  the  "  centre  of  equal  areas,"  and  therefore  the 
centre  of  attraction,  it  is  only  necessary  to  compare  the  angular 
velocity  round  such  point  with  the  square  of  the  distance ;  and 
if  their  product  be  always  the  same,  or,  in  other  words,  if  the 
angular  velocity  increase  in  the  same  ratio  as  the  square  of  the 
distance  or  radius  vector  decreases,  and  vice  versoy  then  the 
point  in  question  must  be  the  centre  of  equal  areas,  and  there- 
fore the  centre  of  attraction. 

2602.  Case  of  the  motion  of  the  earth, — In  the  case  of  the 
earth,  the  variation  of  its  distance  from  the  sun  is  inversely  as 
the  variation  of  the  sun's  apparent  diameter,  which  may  be 
accurately  observed,  as  may  also  be  the  sun's  apparent  motion 
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in  the  fiimament  Now»  it  is  found  that  the  apparent  motion 
of  the  sun  increases  exactly  in  the  same  ratio  as  the  square  of 
its  apparent  diameter,  atid  therefore  inverselj  as  the  square  of 
its  distance ;  from  which  it  follovrs  that  its  centre  is  the  centre 
of  equal  areas  for  the  earth's  motion,  and  therefore  the  centre 
of  attraction. 

2603,  Ciue  of  ike  planets, — In  the  same  manner,  by  cal- 
culating from  observation  the  angular  motions  of  the  planets, 
and  their  distances  from  the  sun,  it  may  be  shown  that  their 
angular  motions  are  inversely  as  the  squares  of  their  distances, 
and  consequently  that  the  centre  of  the  sun  is  the  centre  of  the 
attraction  which  moves  them. 

2G04.  Orbits  of  the  planets  ellipses,  —  By  comparing  the 
variation  of  the  distance  of  any  planet  fVom  the  sun  with  the 
change  of  direction  of  its  radius  vector,  it  may  be  ascertained 
that  its  orbit  is  an  ellipse,  the  centre  of  the  sun  being  at  one  of 
the  foci,  in  the  same  manner  as  has  been  already  explained  in 
the  case  of  the  earth. 

2605.  Perihelion^  aphelion,  mean  distance. — That  point  of 
the  elliptic  orbit  at  which  a  planet  is  nearest  to  the  sun  is  called 
PERiHEUON,  and  that  point  at  which  it  is  most  remote  is  called 

APHELION. 

The  MEAN  DISTANCE  of  a  planet  from  the  sun  is  half  the  sum 
of  its  greatest  and  least  distances. 

2606.  Major  and  minor  axes,  and  eccentricity  of  the  orbit — 
The^.  740.  represents  an  ellipse,  of  which  p  is  the  focus  and 

^  0  the  centre.     The  line  c  p  con- 

tinued to  p  and  A  is  the  major 
^\         AXIS,  sometimes  called  the  trans- 
f — JA     verse  axis.     Of  all  the  diameters 
/         which  can  be  drawn  through  the 
centre    o,    terminating    in    the 
curve,  it  is  the    longest^  while 
Fig.  74a  ^  ^  ^/^  drawn  at  right  angles  to  it, 

called  the  minor  axis,  is  the  shortest.  The  line  p  m^,  which  is 
equal  to  p  g,  half  the  major  axis,  and  therefore  to  half  the  sum 
of  the  greatest  and  least  distances  of  the  ellipse  from  its  focus, 

is  the  MEAN  DISTANCE. 

A  planet  is,  therefore,  at  its  mean  distance  from  the  sun 
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when  it  is  at  the  extremities  of  the  minor  axis  of  its 
orbit. 

There  is  another  point  f^  on  the  majbr  axis,  at  a  distance  f'  g 
from  the  centre,  equal  to  f  c,  which  has  also  the  geometric  pro- 
perties of  the  focus.  It  is  sometimes  distinguished  as  the 
EMPTY  FOCUS  of  the  planet's  orbit. 

Ellipses  may  be  more  or  less  eccentric,  that  is  to  saj,  more 
or  less  ovaL  The  less  eccentric  they  are  the  less  they  differ  in 
form  from  a  circle.  The  degree  in  which  they  hare  the  oval 
form  depends  on  the  ratio  which  the  distance  f  c  of  the  focus 
from  the  centre  bears  to  pc,  the  semi-axis  m^jor.  Two 
ellipses  of  different  magnitudes  in  which  this  ratio  is  the 
same,  have  a  like  form,  and  are  equally  eccentric.  The  less 
the  ratio  of  c  f  to  c  p  is,  the  more  nearly  does  the  ellipse 
resemble  a  circle.     This  ratio  is,  therefore,  called  the  £CC£N«» 

TRICITY. 

The  eccentricity  of  a  planet's  orbit  will,  therefore,  be  that 
number  which  expresses  the  distance  of  the  sun  from  the 
centre  of  the  ellipse,  the  semi*axis  major  of  the  orbit  being 
taken  as  the  unit. 

2607.  Apsides,  anomaly.  —  The  points  of  perihelion  and 
APHELION,  are  called  by  the  common  name  of  apsides. 

If  an  eye  placed  at  the  sun  p  look  in  the  direction  of  p,  that 
point  will  be  projected  upon  a  certain  point  on  the  firmament. 
This  is  called  the  place  op  perihelion. 

The  angle  formed  by  a  line  drawn  from  the  sun  to  the  place 
p  of  a  planet,  and  the  major  axis  of  its  orbit,  or,  what  is  the 
same,  the  angular  distance  of  the  planet  from  its  perihelion, 
as  seen  from  the  sun,  is  called  its  anomaly. 

If  an  imaginary  planet  be  supposed  to  move  from  perihe- 
lion to  aphelion  with  any  uniform  angular  motion  round  the 
sun  in  the  same  time  that  the  real  planet  moves  between  the 
same  points  with  a  variable  angular  motion,  the  anomaly 
of  this  imaginary  planet  is  called  the  mean  anomaly  of  the 
planet 

2608.  PUzce  of  perihelion,  —  The  place  op  perihelion  is 
expressed  by  indicating  the  particular  fixed  star  at  or  near  which 
the  planet  at  p  is  seen  from  f,  or,  what  is  the  same,  the  distance 
of  that  point  from  some  fixed  and  known  point  in  the  heavens. 
The  point  selected  for  this  purpose  is  the  vernal  equinoxial 
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point,  or  the  Jirst  point  of  Aries  (2435).  The  distance  of  peri- 
helion from  this  point,  as  seen  from  the  sun,  is  called  the  lon-* 
GiTUDE  OF  PERIHELION,  and  is  an  important  condition  affecting 
the  position  of  the  planet's  orbit  in  space. 

2609.  Eccentricities  of  orbits  small,  —  The  planets'  orbits^ 
like  that  of  the  earth,  though  elliptical,  are  very  slightly  so. 
The  eccentricities  are  so  minute,  that  if  the  form  of  the  orbit 
were  delineated  on  paper,  it  could  not  be  distinguished  from  a 
circle  except  bj  very  exactly  measuring  its  breadth  in  different 
directions. 

2610.  Law  of  attraction  deduced  from  elliptic  orbit, — As  the 
equable  description  of  areas  round  the  centre  of  the  sun  proves 
that  point  to  be  the  centre  of  attraction,  the  elliptic  form  of 
the  orbit  and  the  position  of  the  sun  in  the  focus  indicate  the 
LAW  according  to  which  this  attraction  varies  as  the  distance 
of  the  planet  from  the  sun  varies.  Newton  has  demonstrated, 
in  his  Principia,  that  such  a  motion  necessarily  involves  the 
condition  that  the  intensity  of  the  attractive  force,  at  different 
points  of  the  orbit,  varies  inversely  as  the  square  of  the  dis-» 
tance,  increasing  as  the  square  of  the  distance  decreases,  and 
vice  versa, 

26 1 1 .  The  orbit  might  be  a  parabola  or  hyperbola. — Newton 
also  proved  that  the  converse  is  not  necessarily  true,  and  that  a 
body  may  move  in  an  orbit  which  is  not  elliptical  round  a 
eentre  of  force  which  varies  according  to  this  law.  But  he 
ahowed  that  the  orbit,  if  not  an  ellipse,  must  be  one  or  other  of 
two  curves,  a  parabola  or  hyperbola,  having  a  close  geometric 
relation  to  the  ellipse,  and  that  in  all  cases  the  centre  of  force 
would  be  the  focus  of  the  curve. 

These  three  sorts  of  curves,  the  ellipse,  the  parabola,  and  hy-r 
perbola,  are  those  which  would  be  produced  by  cutting  a  cone 
in  different  directions  by  a  plane,  and  they  are  hence  called  the 

COXIC  SECTIONS. 

2612.  Conditions  which  determine  the  species  of  the  orbit, — 
The  conditions  under  which  the  orbit  of  a  planet  might  be  a 
parabola  or  hyperbola,  depend  on  the  relation  which  the  velo* 
city  of  the  motion  of  the  planet,  at  any  given  point  of  the 
orbit,  bears  to  the  intensity  of  the  attractive  force  at  that 
point  It  is  demonstrable  that,  if  the  velocity  with  which 
a  planet  moves  at  any  given  point  of  its  orbit  were  suddenly 
augmented  in  a  certain  proportion,  its  orbit  would  become  a 
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parabola,  and  if  it  were  still  more  augmented^  it  would  become 
an  hyperbola. 

The  ellipse  is  a  carve  which,  like  the  cirde,  returns  into 
itself,  so  that  a  body  moving  in  it  must  necessarily  retrace  the 
same  path  in  an  endless  succession  of  revolutions.  This  is  not 
the  character  of  the  parabola  or  hyperbola.  They  are  not 
closed  curves,  but  consist  of  two  branches  which  continue  to 
diverge  from  each  other  without  ever  meeting.  A  planet, 
therefore,  which  would  thus  move,  would  pass  near  the  sun 
once^  following  a  curved  path,  but  would  then  depart  never  to 
return. 

2613.  Law  of  gravitation  general —  The  elliptic  form  of  the 
orbit  of  a  planet  indicates  the  law  which  governs  the  variation 
of  the  sun's  attraction  from  point  to  point  of  such  orbit ;  but 
beyond  this  orbit  it  proves  nothing.  It  remains,  therefore,  to 
show  from  the  planetary  motions  round  the  sun,  and  from  the 
motions  of  the  satellites  round  their  primaries,  that  the  same 
law  of  attraction  by  which  the  intensity  decreases  as  the  square 
of  the  distance  from  the  centre  of  attraction  increases,  and  vice 
versoy  is  universal. 

The  attraction  exerted  upon  any  body  may  be  measured,  in 
general,  as  that  of  the  earth  on  bodies  near  its  surface  is  mea- 
sured, by  the  spaces  through  which  the  attracted  body  would  be 
drawn  in  a  given  time.  It  has  been  shown,  that  the  attraction 
which  the  earth  exerts  at  its  surface,  is  such  as  to  draw  a  body 
towards  it  through  193  inches  in  a  second.  Now  if  the  space 
through  which  the  sun  would,  by  its  attraction  at  any  proposed 
distance,  draw  a  body  in  one  second  could  be  found,  the  attrac* 
tion  of  the  sun  at  that  distance  could  be  exactly  compared  with 
and  measured  by  the  attraction  of  the  earth,  just  as  the  length 
of  any  line  or  distance  is  ascertained  by  applying  to  it  and 
comparing  it  with  a  standard  yard  measure. 

2614.  Method  of  calculating  the  central  force  by  the  velo-- 
city  and  curvature.  —  Now  the  space  through  which  any  cen- 
tral attraction  would  draw  a  body  in  a  given  time  can  be  easily 
calculated,  if  the  body  in  question  moves  in  a  circular  or  nearly 
circular  orbit  round  such  a  centre,  as  all  the  planets  and  satel- 
lites do. 

Let  E,^.  741.,  be  the  centre  of  attraction,  and  e  m  the  dis* 
tance  or  radius  vector.  Let  m  iii'=v,  the  linear  velocity.  Let 
m  n  and  m'  n'  be  drawn  at  right  angles  to  e  m,  and  therefore 
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parallel  to  each  other.  The  velocity  m  m'  may  be  considered 
as  compounded  of  two  (173),  one  in  the  di- 
rection m  fi  of  the  tangent,  and  the  other  m  n 
directed  towards  the  centre  of  attraction  e. 
Now  if  the  body  were  deprived  of  its  tan- 
gential motion  m  n',  it  would  be  attracted 
towards  the  centre  £,  through  the  space  m  it, 
in  the  unit  of  time.  By  means  of  this  space, 
therefore,  the  force  which  the  central  attrac- 
tion exerts  at  m  can  be  brought  into  direct 
comparison  with  the  force  which  terrestrial 
gravity  exerts  at  the  surface  of  the  earth. 

It  follows,  therefore,  that  if  /  express  the 
space   through  which  such  a  body  would  be 
drawn  in  the  unit  of  time,  falling  freely  to- 
^^8-  wards  the  centre  of  attraction,  we  shall  have 

f=fn  n.     But  by  the  elementary  principles  of  geometry, 
f9iiix2E  m=uim'^. 

Therefore, 

.    v« 

that  is,  the  space  through  which  a  body  would  be  drawn  to- 
wards the  centre  of  attraction,  if  deprived  of  its  orbital  motion, 
in  the  unit  of  time,  is  found  by  dividing  the  square  of  the  linear 
orbital  velocity  by  twice  its  distance  from  the  centre  of  at* 
traction. 

Since  ^=206266  (^^*)»  ^®  ®^*^  *^^^  ^*^® 
^        rxgg 
•'"2X  206265' 
The  attractive  force,  or,  what  is  the  same,  the  space  through 
which  the  revolving  body  would  be  drawn  towards  the  centre 
in  the  unit  of  time,  can,  therefore,  be  always  computed  by 
these  formulas,  when  its  distance  from  the  centre  of  attraction 
and  its  linear  or  angular  velocity  are  known. 
Since  (2568) 

1296000 
«=— 7— , 

this,  being  snbstituted  for  a  in  the  preceding  formnla,  will  give 
/=  412541  x-^  5 
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by  which  the  attractive  force  maj  always  be  calculated  whei) 
the  distance  and  period  of  the  revolving  body  are  known. 

2615.  Law  of  gravitation  shown  in  the  case  of  the  moon,  — 
The  attraction  exerted  by  the  earth,  at  its  surface,  may  be  com- 
pared with  the  attraction  it  exerts  on  the  moon  by  these 
formulse. 

In  the  case  of  the  moony =0*6356  miles,  and  r =239,000 
miles,  and  by  calculation  from  these  data,  we  find 

/  =0-0000008459"»*^  =0-0536i»«»^ 
The  attraction  exerted  by  the  earth  at  the  moon's  distance 
would,  therefore,  cause  a  body  to  fall  through  536  ten-thou- 
sandths of  an  inch,  while  at  the  earth's  surface  it  would  fall 
through  193  inches  (247). 

The  intensity  of  the  earth's  attraction  on  the  moon  is,  there- 
fore, less  than  its  attraction  on  a  body  at  the  surface,  in  the 
ratio  of  1,930,000  to  536,  or  3600  to  1,  or,  what  is  the  same,  as 
the  square  of  60  to  1, 

But  it  has  been  shown  that  the  moon's  distance  from  the 
earth's  centre  is  60  times  the  earth's  radius.  It  appears,  there- 
fore, that  in  this  case  the  attraction  of  the  earth  decreases  as 
the  square  of  the  distance  from  the  attracting  centre  increases ; 
and  that,  consequently,  the  same  law  of  gravitation  prevails  as 
in  the  elliptic  orbit  of  a  planet. 

2616.  —  Sun^s  attraction  on  planets  compared  —  law  of 
gravitation  fulfilled, — In  the  same  manner,  exactly,  the  attrac- 
tions which  the  sun  exerts  at  different  distances  may  be  com- 
puted by  the  motions  and  distances  of  the  planets.  The  distance  of 
a  planet  gives  the  circumference  of  its  orbit,  and  this,  compared 
with  its  periodic  time,  will  give  the  arc  through  which  it  moves 
in  a  day,  an  hour,  or  a  minute.  This,  represented  by  mm',  fig, 
741.,  being  known,  the  space  m  n  through  which  the  planet 
would  fall  towards  the  sun  in  the  same  time  may  be  calculated, 
and  this  being  done  for  any  two  planets,  it  will  be  found  that 
these  spaces  are  in  the  inverse  ratio  of  the  squares  of  their 
distances. 

Thus,  for  example,  let  the  earth  and  Jupiter  be  compared  in 
this  manner.  If  d  express  the  distance  from  the  sun  in  miles, 
p  the  period  in  days,  a  the  arc  of  the  orbit  in  miles  described 
by  the  planet  in  an  hour,  and  h  the  space  m  n  in  miles, 
through  which  the  planet  would  fall  towards  the  sun  in  an  hour 
if  the  tangential  force  were  destroyed,  we  shall  then  have 
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D 

P 

A 

H 

Rarth     - 
Jupiter  - 

95,000,000 
494.00a000 

365-26 
4332*62 

68,091 
29,850 

24-4020 
0-9019 

Now,  on  compariDg  the  numbers  in  the  last  column  with  the 
squares  of  those  in  the  first  column,  we  find  them  in  almost  exact 
accordance.    Thus, 

(95/:  (494)«  ::  24-402  :  0-9024. 
The  difierence,  small  as  it  is,  would  disappear,  if  exact  values 
were  taken  instead  of  round  numbers. 

2617.  The  law  of  gravitation  universaL — Thus  is  established 
the  great  natural  law,  known  as  the  law  of  gravitation,  at  least, 
80  far  as  the  action  of  the  sun  upon  the  planets,  and  the  planets 
on  their  satellites,  is  concerned.  But  this  law  does  not  alone 
afiect  the  central  attracting  bodies.  It  belongs  equally  to  the 
revolving  bodies  themselves.  Each  planet  attracts  the  sun,  and 
each  satellite  attracts  its  primary  as  well  as  being  attracted  by 
it;  and  this  reciprocal  attraction  depends  on  the  mass  of  the 
revolving  as  well  as  on  the  mass  of  the  central  body  and  their 
mutual  distance. 

The  planets  moreover,  as  well  as  the  satellites,  attract  each 
other^  and  thus  modify,  to  some  small  extent,  the  effects  of  the 
predominant  central  attraction. 

2618.  Its  analogy  to  the  general  law  of  radiating  influences, 
-—It  will  be  observed  that  this  law  is  similar  to  that  which  go- 
verns light,  heat,  sound,  and  other  physical  principles  which  are 
propagated  by  radiation ;  and  it  might  thus  be  inferred  that  gra- 
vitation is  an  agency  of  which  the  seat  is  the  sun,  or  other  gra- 
vitating body,  and  that  it  emanates  from  it  as  other  physical 
principles  obeying  the  same  law  are  supposed  to  do<» 

2619.  Noty  however,  to  be  identified  with  them.  —  No  such 
hypothesis  as  this,  however,  is  either  assumed  or  required  in 
astronomy.  The  law  of  gravitation  is  taken  as  a  general  fact 
established  by  observation,  without  reference  to  any  modus  ope* 
randi  of  the  force.  The  planets  may  be  drawn  towards  the 
sun  by  an  agency  whose  seat  is  established  in  the  sun,  or  they 
may  be  driven  towards  it  by  an  agency  whose  seat  is  outside  and 
around  the  system,  or  they  may  be  pressed  towards  it  by  an 
agency  which  appertains  to  the  space  in  which  they  move. 
Nothing  is  assumed  in  astronomy  which  would  be  incompatible 
with  any  one  of  these  modes  of  action.     The  law  of  gravitation 
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assumes  nothing  more  than  that  the  planets  are  suhject  to  the 
agency  of  a  force  which  is  every  where  directed  to  the  sun,  and 
whose  intensity  increases  as  the  square  of  the  distance  from 
the  sun  decreases,  and  vice  versa;  and  this,  as  has  been  shown, 
is  proved  as  a  matter  of  fact  independent  of  all  theory  or 
hypothesis. 

2620.  The  harmonic  law.  —  A  remarkable  numerical  rela- 
tion thus  denominated  prevails  between  the  periodic  times  of 
the  planets  and  their  mean  distances,  or  migor  axes  of  theii^ 
orbits.  If  the  squares  of  the  numbers  expressing  their  periods 
be  compared  with  the  cubes  of  those  which  express  their  mean 
distances,  they  will  be  found  to  be  very  nearly  in  the  same  ratio. 
They  would  be  exactly  so  if  the  masses  or  weights  of  the 
planets  were  absolutely  insignificant  compared  with  that  of  the 
sun.  But  although  these  masses,  as  will  appear,  are  compara- 
tively very  small,  they  are  suiRciently  considerable  to  affect, 
in  a  slight  degree,  this  remarkable  and  important  law. 

Omitting  for  the  present,  then,  this  cause  of  deviation,  the 
harmonic  law  may  be  thus  expressed.  J£  p,  p',  p",  &c.  be  a 
series  of  numbers  which  express  or  are  proportional  to  the 
periodic  times,  and  r,  r",  r",  &c.  to  the  mean  distances  of  the 
planets,  we  shall  have 

^8   _   /»   _^   //8 

that  is,  the  quotients  found  by  dividing  the  numbers  expressing 
the  cubes  of  the  distances  by  the  numbers  which  express  the 
squares  of  the  periods  are  equal,  subject  nevertheless  to  such 
deviations  from  the  law  as  may  be  due  to  the  cause  above  men- 
tioned. 

2621.  Fulfilled  by  the  planets, — Method  of  comptUing  the  dis* 
tance  of  a  planet  from  the  sun  when  its  periodic  time  is  known. 
—  To  show  the  near  approach  to  numerical  accuracy  with 
which  this  remarkable  law  is  fulfilled  by  the  motions  of  the 
planets  composing  the  solar  system,  we  have  exhibited  in  the 
following  table  the  relative  approximate  numerical  values  of 
their  several  distances  and  periods,  and  have  shown  that  the 
quotients  found  by  dividing  the  cubes  of  the  distances  by  the 
squares  of  the  periods  are  sensibly  equal :  — 
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ItetiAdrCnbe 

Dlttanoe. 

P«rlod. 

CnteoTDIctMioe. 

SqnMw  of  Period. 

si.'Tprj! 

r 

P 

r» 

P« 

r3 

Mercury 

0  887 

0*241 

67961 

580 

100 

Vemif    - 

0-723 

0-61  ft 

S779a3 

8782 

100 

Earth     -       - 

100 

1-00 

1000000 

10000 

100 

Mars      -       - 

1-52 

1-88 

8525688 

85844 

100 

PUnetoidf     . 

2-50 

400 

15625000 

160000 

100 

Jupiter  - 

6-20 

11-86 

140608000 

1406596 

100 

Saturn  - 

9-24 

29-50 

868250664 

8702500 

100 

Uranus  - 

1918 

84-00 

7055792632 

70560009 

100 

Neptune 

80-00 

164  60 

S7000000000 

270931600 

100 

In  general,  the  distance  of  a  planet  from  the  sun  can  be  com- 
puted hj  means  of  this  law,  when  the  distance  of  the  earth  and 
the  periodic  times  of  the  earth  and  planet  are  known. 

For  this  purpose  find  the  number  which  expresses  the  pe- 
riodic time  p  of  the  planet,  that  of  the  earth  being  expressed 
by  1 ;  and  let  d  be  the  number  which  expresses  the  mean  dis- 
tance of  the  planet  from  the  sun,  that  of  the  earth  being  also 
expressed  bj  1.  We  shall  then,  according  to  the  harmonic 
law,  have 


But  since 


P    :    p2 


1x1  =  1 


we  shall  have 


13 


1x1x1=1, 


=    D^ 


To  find  the  distance  d,  therefore,  it  is  onlj  necessarj  to  find 
the  number  whose  cube  is  the  square  of  the  number  expressing 
the  period,  or,  what  is  the  same,  to  extract  the  cube  root  of  the 
square  of  the  period. 

2622.  Harmonic  law  deduced  from  the  law  of  gravitation* — 
It  is  not  difficult  to  show  that  this  remarkable  law  is  a  neces- 
sary consequence  of  the  law  of  gravitation. 

Supposing  the  orbits  of  the  planets  to  be  circular,  which  for 
this  purpose  they  may  be  taken  to  be,  let  the  distance,  period, 
and  angular  velocity  of  any  one  planet  be  expressed  by  r,  p,  and 
o,  and  those  of  any  other  by  r%  p',  and  a',  and  let  the  forces 
with  which  the  sun  attracts  them  respectively  be  expressed  by 
/  and  f.  We  shall  then,  according  to  what  has  been  proved 
(2614),  have 

/  =        r  X  a»  y,  _       /  X  a'2 


2  X  206265 


2x206265 
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and  therefore 

/:/'::  r  X  a«:  r'  xo'^. 

But  bj  the  law  of  gravitation 

/:/'::/«:r^ 
therefore 

r^2  :  r»  ; :  r  X  a«  :  r'  X  a'», 
and  consequentlj 

,/a  X  a'«  =  r»  X  a>. 
But  the  angles  described  in  the  unit  of  time  are  found  by 
dividing  360°  by  the  periodic  times*     Therefore, 

=  360^  ^/  ^  360^ 

and  consequently 

which  is,  in  fact,  the  harmonic  law. 

It  is  easy,  by  pursuing  this  reasoning  in  an  inverse  order, 
to  show  that  if  the  harmonic  law  be  taken,  as  it  may  be,  as  an 
observed  fact,  the  law  of  gravitation  may  be  deduced  from  it. 

2623.  Kepler's  laws.  —  The  three  great  planetary  laws  ex- 
plained in  the  preceding  paragraphs  —  1.  The  equable  de- 
scription of  areas ;  2.  The  elliptic  form  of  the  orbits  *,  and  3, 
the  harmonic  law  —  were  discovered  by  Kepler,  whose  name 
they  bear.  Kepler  deduced  them  as  matter-of-fact  from  the 
recorded  observations  of  himself  and  other  astronomers,  but 
failed  to  show  the  principle  by  which  they  were  connected  with 
each  other.  Newton  gave  their  interpretation,  and  showed 
their  connexion  as  already  explained. 

2624.  Inclination  of  the  orbits  —  nodes,  —  In  what  has 
been  stated  the  planets  are  regarded  as  moving  in  the  plane 
of  the  earth's  orbit.  If  this  were  strictly  true,  no  planet  would 
ever  be  seen  on  the  heavens  out  of  the  ecliptic.  The  inferior 
planets,  when  in  inferior  conjunction,  would  always  appear  as 
spots  on  the  sun  ;  and  when  in  superior  conjunction,  they,  as 
well  as  the  superior  planets,  would  always  be  behind  the  sun's 
disk.  This  is  not  the  case.  The  planets  generally,  superior  and 
inferior,  are  seldom  seen  actually  upon  the  ecliptic,  although 
they  are  never  far  removed  from  it.     The  centre  of  the  planet, 
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twice  in  each  revolation,  is  observed  upon  the  ech'ptic  The 
points  at  which  it  is  thus  found  upon  the  plane  of  the  earth's 
orbit  are  at  opposite  sides  of  the  sun,  180^  asunder,  as  seen 
from  that  luminary.  At  one  of  them  the  planet  passes  from 
the  south  to  the  north  of  the  ecliptic,  and  at  the  other  from  the 
north  to  the  south. 

2625.  Nodes,  ciscending  and  descending, — Those  points, 
where  the  centre  of  a  planet  crosses  the  ecliptic,  are  called  its 
NODES,  that  at  which  it  passes  from  south  to  north  being  called 
the  ASCENDING  NODE,  and  the  other  the  descending  node. 

While  the  planet  passes  from  the  ascending  to  the  descending 
node  it  is  north  of  the  ecliptic  ;  and  while  it  passes  from  the 
descending  to  the  ascending  node,  it  is  south  of  it. 

All  these  phenomena  indicate  that  the  planet  does  not  move 
in  the  plane  of  the  ecliptic,  but  in  a  plane  inclined  to  it  at  a 
certain  angle.  This  angle  cannot  be  great,  since  the  planet  is 
never  observed  to  depart  far  from  the  ecliptic.  With  a  few 
exceptions,  which  will  be  noticed  hereafter,  the  obliquitj  of  the 
planets'  orbits  do  not  amount  to  more  than  7^. 

2626.  The  zodiac.  —  The  planets,  therefore,  not  departing 
more  than  about  8*^  from  the  ecliptic,  north  or  south,  their 
motions  are  limited  to  a  zone  of  the  heavens  bounded  by  two 
parallels  to  the  ecliptic  at  this  distance,  north  and  south  of  it 

2627.  Methods  of  determining  a  planeVs  distance  from  the 
sun,  —  This  problem  may  be  solved  with  more  or  less  approxi-^ 
roation  by  a  great  variety  of  different  methods.  In  all  it  is  as-* 
Bumed  that  the  earth's  distance  from  the  sun  is  previously  as- 
certained, the  immediate  result  being  in  every  case  the  deter- 
mination of  the  ratio  which  the  planet's  distance  from  the  sun 
bears  to  the  earth's  distance. 

2628.  1^.  By  the  elongation  and  synodic  motion.  —  This 
method  has  been  already  explained  (2592). 

2629.  2**.  By  the  greatest  elongation  for  an  inferior  planet, — 
When  an  inferior  planet  is  at  its  greatest  elongation,  the  angle 
r,  included  by  lines  drawn  from  it  to  the  sun  and  earth,  will  be 
90°  (2576),  and  consequently  the  two  angles  at  £  and  8  taken 
together  will  be  90**.  If  the  elongation  e  be  observed,  the 
angle  at  s  will  be  90**— e,  and  will  therefore  be  known,  and 
thus  the  distances  sp  and  ep  may  be  computed  as  in  the  first 
method. 

2630.  3^  By  the  greatest  and  least  apparent  magnitudes, -^ 
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If  m  and  wi'  be  the  apparent  magnitudes  of  an  inferior  planet 
when  at  inferior  and  superior  conjunction,  and  «  and  p  be  the 
distances  of  the  earth  and  planet  from  the  sun,  c  —p  will  be  the 
distance  of  the  planet  from  the  earth  at  inferior,  and  e  +/»  at 
superior  conjunction  (2577);  and  since  the  apparent  magni- 
tudes are  in  the  inverse  ratio  of  these  distances  (1 11 8^  we  shall 
have 

m    _  g  -hp 

m'        e  — p 
and  consequently 

If  m  4-  m^  be  the  apparent  magnitudes  of  a  superior  planet  in 
opposition  and  conjunction^  its  distances  at  these  points  will  be 
p_tf  andp  +  e,  and  we  shall  have  as  before 
m    _  p  -^  e 
'^'        p  —  e 
and  therefore 

'^  m  —  m 

2631.  4®.  By  the  harmonic  law.  —  This  law  (2614)  being 
deduced  from  the  law  of  gravitation  (2616),  independently  of 
the  observation  and  comparison  of  times  and  distances,  it  may 
be  used  for  the  determination  of  the  distances,  the  times  being 
known.  Let  e  and  p  be  the  periodlo  time  of  the  earth  and 
planet,  and  «  and  p  their  distances  from  the  sun.  We  shall 
then,  by  the  harmonic  law,  have 


and  therefore 


^8  ic2» 


p2 


and  thus  the  distance  p  may  be  found. 

2632.  To  determine  the  real  diameters  and  volumes  of  the 
bodies  of  the  system.  —  The  apparent  diameter  at  a  known  dis- 
tance being  observed,  the  real  diameter  may  be  computed  by 
the  principle  explained  in  2299.  The  linear  value  of  V  at  the 
distance  being  known,  the  real  diameter  will  be  obtained  by 
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maltiplying  such  value  bj  the  apparent  diameter  expressed  in 
seconds. 

The  discs  of  the  inferior  planets  not  being  visible  at  inferior 
eonj  unction  when  their  dark  hemispheres  are  presented  to  the 
earth,  and  being  lost  in  the  effulgence  of  the  sun  at  superior 
conjunction,  can  only  be  observed  between  their  greatest  elonga- 
ti(m  and  superior  conjunction,  when  thej  appear  gibbous.  The 
distance  of  the  planet  from  the  earth  is  computed  in  this  posi- 
tion by  knowing  the  distances  of  the  planet  and  the  earth 
from  the  sun,  and  the  angle  under  the  lines  drawn  from  the  sun 
to  the  earth  and  planet,  which  can  alwajs  be  computed  (2587). 
This  distance  being  obtained,  the  Hnear  value  of  V^  at  the  planet 
will  be  found  (2298),  which,  being  multiplied  by  the  greatest 
breadth  of  its  gibbous  disk,  the  real  diameter  will  be  obtained. 

In  the  case  of  the  superior  planets,  their  diameters  may  be 
best  obtained  when  in  opposition,  because  then  they  appear 
with  a  full  disk,  and,  being  nearer  to  the  earth  than  at  any 
other  elongation,  have  the  greatest  possible  magnitude.  Their 
distance  from  the  earth  in  this  position  is  always  the  difference 
between  the  distances  of  the  earth  and  planet  from  the  sun. 

When  the  real  diameters  are  found  the  volumes  will  be  ob- 
tained, since  they  are  as  the  cubes  of  the  real  diameters. 

2633.  Methods  of  determining  the  menses  of  the  bodies  of  the 
solar  system.  —  The  work  of  the  astronomer  is  but  imperfectly 
performed  when  he  has  only  mentioned  the  distances  and  mag- 
nitudes, and  ascertained  the  motions  and  velocities,  of  the  great 
bodies  of  the  universe.  He  must  not  only  measure,  but  weigh 
these  stupendous  masses. 

The  masses  or  quantities  of  matter  in  bodies  upon  the  surface 
of  the  earth  are  estimated  and  compared  by  their  weights — that 
is,  by  the  intensity  of  the  attraction  which  the  earth  exerts  upon 
them.  It  is  inferred  that  equal  quantities  of  matter  at  equal 
distances  from  the  centre  of  the  earth  are  attracted  by  equal 
forces,  inasmuch  as  all  masses,  great  and  small,  fall  with  the 
same  velocity  (234). 

The  intensity  of  the  attraction  with  which  the  earth  thus 
acts  upon  a  body  at  any  given  distance  from  its  centre  depends 
on  the  mass  or  quantity  of  matter  composing  the  earth.  If  the 
mass  of  the  earth  were  suddenly  increased  in  any  proposed 
ratio,  the  weights  of  all  bodies  on  its  surface,  or  at  any  given 
distance  from  its  centre,  would  be  increased  in  the  same  ratio, 
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and,  in  like  manner,  if  its  mass  were  diminished,  the  weight? 
would  be  decreased  in  the  same  ratio.  In  fine,  the  weights  of 
bodies  at  any  given  distance  from  the  earth's  centre  would  yarj 
with,  and  be  exactly  proportional  to,  every  variation  in  the 
mass  of  the  earth. 

This  principle  is  general.  If  m  and  m'  be  any  two  masses  of 
matter,  the  attractions  which  they  will  exert  upon  any  bodies, 
placed  at  equal  distances  from  their  centres  of  gravity,  will  be 
in  the  exact  proportion  of  the  quantities  of  ponderable  matter 
composing  them. 

But  it  will  be  convenient  to  obtain  the  relation  between  the 
masses  and  the  attractions  they  exert  at  unequal  distances.  For 
this  purpose,  let  the  attractions  which  they  exert  at  equal  dis- 
tances be  expressed  by/ and/',  and  let  the  common  distance 
at  which  those  attractions  are  exerted  be  expressed  by  ar,  and 
let  p  and  f'  express  the  attractions  which  they  respectively 
exert  at  any  other  distances,  r  and  /,  and  we  shall  have,  accord^' 
ing  to  the  general  law  of  gravitation, 

/*/  •    ^/  •  •        1      ,       1 

•^    •  ^  ••    -^  •  7^' 

and  consequently 

F  r^  f'  r^ 

from  which  it  follows  that 

/'  P'  X   r'a' 

But  since  the  masses  m  and  m'  are  proportional  to  the  attractions 
^and/',  we  have 

^/    -  ^ 

and  therefore 

M    _  f    X    r» 

m'        p'  X   r'=^ 
that  is,  the  attracting  masses  are  proportional  to  the  products 
obtained,  by  multiplying  any  two  forces  exerted  by  them  by  the 
squares  of  the  distances  at  which  such  forces  are  exerted. 
Hence  in  all  cases  in  which  the  attractive  forces  exerted  by 
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any  central  masses  at  given  distances  can  be  measured  by  any 
known  or  observable  motions,  or  otber  mechanical  effects,  the 
proportion  of  the  attracting  masses  can  be  determined, 

2634.  Method  of  estimating  central  masses  round  which 
bodies  revolve,  —  If  bodies  revolve  round  central  attracting 
masses  as  the  planets  revolve  round  the  sun,  and  the  satellites 
round  their  primaries,  the  ratio  of  the  attracting  forces,  and 
therefore  that  of  the  central  masses,  can  be  deduced  from  the 
periods  and  distances  of  the  revolving  bodies  by  the  principles 
and  method  explained  in  2614. 

Thus  if  p  and  f'  be  the  periods  of  two  bodies  revolving  round 
different  attracting  masses  m  and  m^  at  the  distances  r  and  r^^ 
we  shall  have 

p-72    "^  -^  -  -?  "^  T^^ 
and  substituting  this  for  -,  in  the  formula  found  in  2633,  we 
bave 

11/  /3      ^    pi' 

By  this  principle  the  ratio  of  the  attracting  masses  can  always 
be  ascertained  when  the  periods  of  any  bodies  revolving  round 
them  at  known  distances  are  known. 

2635.  Method  of  determining  the  ratio  of  the  masses  of  all 
planets  which  have  satellites  to  the  mass  of  the  sun,  —  This 
problem  is  nothing  more  than  a  particular  application  of  the 
principle  explained  above. 

To  solve  it,  it  is  only  necessary  to  ascertain  the  period  and 
distance  of  the  planet  and  the  satellite,  and  substitute  them  in 
the  formula  determined  in  2634.  The  arithmetical  operations 
being  executed,  the  ratio  of  the  masses  will  be  determined. 

2636.  To  determine  the  ratio  of  the  mass  of  the  earth  to  that 
of  the  sun.  —  Since  the  earth  has  a  satellite,  this  problem  will 
be  solved  by  the  method  given  in  2635. 

If  r  and  /  express  the  distances  of  the  earth  from  the  sun 
and  moon,  and  p  and  p'  the  periods  of  the  sun  and  moon,  we 
shall  have 

!i  =.  400     i:  =  -?I:^  = 

r'  P  365-25 

m.  o 
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!-.    =  64000000     _  ^    L_, 

r''  p«  179-024' 

which  being  substituted,  and  the  operations  executed,  gites 
^,  =a  857500. 

2637.  To  determine  the  mastes  of  phmet9  which  have  no 
satellites,  —  According  to  what  has  been  explained,  the  masses 
of  the  bodies  composing  the  soUr  system  are  measured,  and 
compared  one  with  another,  hy  ascertaining,  with  the  necessary 
precision,  any  simiUr  effects  of  their  attractions,  and  allowing 
for  the  effects  of  the  difference  <^  distances.  The  effects  which 
are  thus  taken  to  measure  the  masses  and  to  exhibit  their 
ratio  to  the  mass  of  the  sun  in  the  case  of  planets  attended 
by  satellites,  is  the  space  through  which  a  satellite  would  be 
drawn  by  its  primary,  and  the  space  through  which  a  planet 
would  be  drawn  in  the  same  time  by  the  sun.  These  spaces 
indicate  the  actual  forces  of  attraction  of  the  planet  upon  the 
satellite  and  of  the  sun  upon  the  planet,  and  when  the  effect  of 
the  difference  of  distance  is  allowed  for,  the  ratio  of  the  mass  of 
the  planet  to  the  mass  of  the  sun  is  found. 

In  the  case  of  planets  not  attended  by  satellites,  the  effect 
of  their  gravitation  is  not  manifested  in  this  way,  and  there  is 
no  body  smaller  than  themselves,  and  sufficiently  near  them  to 
exhibit  the  same  easily  measured  and  very  sensible  effects  of 
their  attraction,  and  hence  there  is  considerable  difficulty,  and 
some  uncertainty,  as  to  their  exact  masses. 

2638.  Mass  of  Mars  estimated  by  its  attraction  upon  the 
earth.  —  The  nearest  body  of  the  system  to  which  Mars  ap- 
proaches is  the  earth,  its  distance  from  which  in  opposition 
is  nearly  fifty  millions  of  miles,  or  half  the  distance  of  the 
earth  from  the  sun.  Now,  since  the  volume  of  Mars  is  only 
the  eighth  part  of  that  of  the  earth,  it  may  be  presumed, 
that  whatever  be  its  density  its  mass  must  be  so  small,  that 
the  effect  of  its  attraction  on  the  earth  at  a  distance  so  great 
must  be  very  minute,  and  therefore  difficult  to  ascertain  by 
observation.  Nevertheless,  small  as  the  effect  thus  produced 
is,  it  is  not  imperceptible,  and  a  certain  deviation  from  the 
path  it  would  follow,  if  the  mass  of  Mars  were  not  thus  present, 
has  been  observed.  To  infer  from  this  deviation,  the  mass  of 
Mars  is,  however,  a  problem  of  much  greater  complexity  than 
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the  determination  of  the  mass  of  a  planet  hj  observing  its  at* 
traction  upon  its  satellite*  The  method  adopted  for  the  solution 
of  the  problem  is  a  sort  of  *'  trial  and  error."  A  conjectural 
mass  is  first  imputed  to  MarS,  and  the  deviation  fVom  its  course 
vehich  such  a  mass  would  cause  in  the  orbital  motion  of  the 
earth  is  computed.  If  such  deviation  is  greater  or  less  than 
the  actual  deviation  observed,  another  conjectural  mass,  greater 
or  less  than  the  former,  is  imputed  to  the  planet,  and  another 
computation  made  of  the  consequent  deviation,  which  will  come 
nearer  to  the  true  deviation  than  the  former.  B7  repeating 
this  approximative  and  tentative  process  a  mass  is  at  length 
found,  which,  being  imputed  to  Mars,  would  produce  the  ob* 
served  deviation ;  and  this  is  accordingly  assumed  to  be  the 
true  mass  of  the  planet. 

In  this  waj  the  mass  of  Mars  has  been  approximatively  es- 
timated at  the  seyenth  part  of  the  mass  of  the  earth. 

The  smallness  of  this  mass  compared  with  its  distance  from 
the  onlj  body  on  which  it  can  exert  a  sensible  attraction  will 
explain  the  difficulty  of  ascertaining  it,  and  the  uncertainty 
which  attends  its  value. 

2639.  Masses  of  Venus  and  Mercuty.  ^-^  The  same  causes  of 
difficulty  and  uncertainty  do  not  affect  in  so  great  a  degree  the 
planet  Venus,  whose  mass  is  somewhat  greater  than  that  of  the 
earth,  and  which  moreover  comes  when  in  inferior  conjunction 
within  about  thirty  millions  of  miles  of  the  earth.  The  effects 
of  the  attraction  of  the  mass  of  this  planet  upon  the  earth's 
orbital  motion  are  therefore  much  more  decided.  The  devia- 
tion produced  by  it  is  not  only  easily  observed  and  measured, 
but  it  affects  in  a  sensible  manner  the  position  of  the  plane  of 
the  earth's  orbit.  By  the  same  system  of  "  trial  and  error," 
the  mass  of  this  planet  is  ascertained  to  be  greater  by  a  twen- 
tieth than  that  of  the  earth. 

The  difficulties  attending  the  determination  of  the  mass  of 
Mercury  are  still  greater  than  those  which  affect  Mars,  and  its 
true  value  is  still  very  uncertain.  Attempts  have  lately  been 
made  to  approximate  to  its  value,  by  observing  the  eff^ts  of 
its  attraction  on  one  of  the  comets. 

2640.  Methods  of  determining  the  mass  of  the  moon.'^Oyring 
to  its  proximity  and  dose  relation  to  the  earth,  and  the  many 
and  striking  phenomena  connected  with  it,  the  determination  of 
the  mass  of  the  moon  becomes  a  problem  of  considerable  im- 
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portance.  There  are  various  observable  effects  of  its  attraction 
hy  which  the  ratio  of  its  mass  to  those  of  the  sun  or  earth  may 
be  computed. 

2641.  1°.  By  nutation. — It  will  be  shown  hereafter  that 
the  attractions  of  the  masses  of  the  sun  and  moon  upon  the 
protuberant  matter  surrounding  the  equator  of  the  terrestrial 
spheroid  produce  a  regular  and  periodic  change  in  the  direction 
of  the  axis  of  the  earth,  and  consequently  a  corresponding 
change  in  the  apparent  place  of  the  celestial  pole.  The  share 
which  each  mass  has  in  these  effects  being  ascertained,  their 
relative  attractions  exerted  upon  the  redundant  matter  at  the 
terrestrial  equator  is  found,  and  the  effect  of  the  difference  of 
distance  being  allowed  for,  the  ratio  of  the  attracting  masses  is 
obtained. 

2642.  2**.  By  the  tides. — It  has  been  shown  (Chap.  X.),  that, 
by  the  attractions  of  the  masses  of  the  sun  and  moon,  the  tides  of 
the  ocean  are  produced.  The  share  which  each  mass  has  in  the 
production  of  these  effects  being  ascertained,  and  the  effect  of  the 
difference  of  distance  being  allowed  for,  the  ratio  of  the  masses 
of  the  sun  and  moon  is  obtained. 

2643.  3°.  By  the  common  centre  of  gravity  of  the  moon  and 
the  earth.  —  It  has  been  stated  that  the  centre  of  attraction 
round  which  the  moon  moves  in  her  monthly  course  is  the  centre 
of  the  earth.  This  is  nearly,  but  not  exactly  true.  By  the  law 
of  gravitation  the  centre  of  attraction  is  not  the  centre  of  the 
earth,  but  the  centre  of  gravity  of  the  earth  and  moon,  that  is, 
a  point  whose  distance  from  the  centre  of  the  earth  has  to  its 
distance  from  the  centre  of  the  moon  the  same  ratio  as  the 
mass  of  the  moon  has  to  the  mass  of  the  earth  (309).  Around 
this  point,  which  is  within  the  surface  of  the  earth,  both  the 
earth  and  moon  revolve  in  a  month,  the  point  in  question  being 
always  between  their  centres.  If,  then,  the  position  of  this 
point  can  be  found,  the  ratio  of  its  distances  from  the  centres  of 
the  earth  and  moon  will  give  the  ratio  of  their  masses. 

Now,  the  monthly  motion  of  the  earth  round  such  a  centre 
would  necessarily  produce  a  corresponding  apparent  monthly 
displacement  of  the  sun.  Such  displacement,  though  small  (not 
amounting  to  more  than  a  few  seconds),  is  nevertheless  capable 
of  observation  and  measurement.  The  exact  place  of  the  sun's 
centre  being  therefore  computed  on  the  supposition  of  the  ab- 
sence of  the  moon,  and  compared  with  its  observed  place,  the 
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motion  of  the  earth's  centre  and  the  position  of  the  point  round 
which  it  revolves  has  been  determined,  and  the  relative  masses 
of  the  earth  and  moon  thus  found. 

2644.  4°.  By  terrestrial  gravity. — ^By  what  has  been  already 
explained,  the  space  through  which  the  moon  would  be  drawn 
towards  the  earth  in  a  given  time  by  the  earth's  attraction  can 
be  determined.  Let  this  space  be  expressed  by  s.  The  linear 
velocity  v  of  the  moon  in  its  orbit  can  also  be  determined.  Now, 
if  r  be  the  radius  of  the  orbit,  we  shall  have  (2614) 

2  r   X   8  =  v2, 
and  consequently 

'  =  2'8- 

We  find,  therefore,  the  radius  vector  of  the  moon's  orbit  by 
dividing  the  square  of  its  linear  velocity  by  twice  the  space 
through  which  it  would  fall  towards  the  earth  in  the  unit  of 
time.  But  this  radius  vector  is  the  distance  of  the  moon's 
centre  from  the  common  centre  of  gravity  of  the  earth  and 
moon.  The  distance  of  that  point,  therefore,  from  the  centre 
of  the  earth,  and  consequently  the  ratio  of  the  masses  of  the 
earth  and  moon,  will  be  thus  found. 

All  these  methods  give  results  in  very  near  accordance,  from 
which  it  is  inferred  that  the  mass  of  the  moon  is  not  less  than 
the  seventy-fifth,  nor  greater  than  the  eightieth,  part  of  the  mass 
of  the  earth,  and  it  ia  consequently  the- twenty-eighth  millionth 
part  of  the  mass  of  the  sun. 

2645.  To  determine  the  masses  of  the  satellites.  —  The  same 
difficulties  which  attend  the  determination  of  the  masses  of 
the  planets  not  accompanied  by  satellites  also  attend  the  de- 
termination of  the  masses  of  satellites  themselves,  and  the 
same  methods  are  applicable  to  the  solution  of  the  problem. 
The  masses  of  the  satellites  of  Jupiter  and  the  other  superior 
planets  are  ascertained  in  relation  to  those  of  their  primaries  by 
the  disturbing  effects  which  they  produce  upon  the  motions  of 
each  other. 

2646.  To  determine  the  densities  of  the  bodies  of  the  system,^^ 
The  masses  and  volumes  being  ascertained,  the  densities  are 
found  by  dividing  the  masses  by  the  volumes.  Thus,  if  d  and 
l/  be  the  densities  of  the  earth  and  a  planet,  m  and  m'  their 
masses,  and  y  and  V  their  volumes,  we  shall  have 
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ir  If' 

V  V' 

2647.  7^  method  of  determining  the  superficial  gravity  on 
a  body,  —  When  it  is  considered  how  important  an  element  in 
all  the  mechanical  and  physical  phenomena  on  the  surface  of 
the  earth,  the  intensity  of  gravity  at  the  surface  is,  it  will  be 
easily  understood  that  in  the  investigation  of  the  superficial 
condition  and  local  economy  of  the  other  bodies  of  the  solar 
system,  the  determination  of  the  intensities  of  the  forces  with 
which  they  attract  bodies  placed  on  or  near  their  surfaces,  is  a 
problem  of  considerable  interest. 

If  the  mass  of  the  earth  be  expressed  by  m,  its  semidiameter 
by  r,  and  the  force  of  gravity  on  its  surface  by  g,  while  m',  r',  and 
^  express  the  same  physical  quantities  in  relation  to  any  other 
body  having  the  form  of  a  globe,  we  shall  have 

fj    .   ^  ..    M   ..  M^ 

g   •  y   ••  jn  ••  ^^ 

because,  by  the  general  law  of  gravitation,  the  force  is  in  the 
direct  ratio  of  the  masses  and  the  inverse  ratio  of  the  square  of 
the  attracted  body  from  their  centre,  and  in  this  case  the  attracted 
body  being  supposed  to  be  at  their  surfaces,  those  distances  will 
be  their  semidiameters* 

From  the  preceding  proportion  may  be  inferred  the  formula 

g        M  r* 

by  which  the  superficial  gravity  may  always  be  computed 
when  the  ratios  of  the  masses  and  the  diameters  are  known. 

2648.  Superficial  gravity  of  the  sun,  —  The  mass  of  the  sun 
being  365,000  times  that  of  the  earth,  wMle  its  diameter  is  1 10 
times  that  of  the  earth,  we  shall  have 

#7    •    //  ••   1    •    5^^>29?  —  28*9 

It  appears,  therefore,  that  the  weight  of  a  body  placed  at  the 
surface  of  the  sun  is  twenty- nine  times  its  weight  on  the  sur- 
face of  the  earth. 

A  man,  whose  average  weight  would  be  IJ  cwt.  on  the  earth, 
would  weigh  2  tons  and  l-3d  if  transferred  to  the  surface  of 
the  sun.  Tlie  human  frame,  organised  as  it  is,  would  be  crushed 
tinder  its  own  weight  if  removed  there. 
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Hascnlar  force  is  therefore  29  timei  more  efficaciom  upon 
the  earth  than  it  would  be  upon  the  sun. 

2649.  Superficial  gravity  on  the  moon,  —  The  mass  of  the 
moon  has  been  ascertained  to  be  the  80th  part  of  that  of  the 
earth,  while  the  diameter  of  the  moon  is  about  the  fourth  part 
of  that  of  the  earth.  We  haye,  therefore,  in  the  case  of  the 
moon 

^    •    ^  ••   *    •      80         6' 

SO  that  the  superficial  gravitj  on  the  moon  is  five  times  less 
than  on  the  earth.  A  man  weighing  V9  cwt  on  the  earth 
would  oQly  weigh  03  ewt.>  or  33^  lbs.,  if  transferred  to  the 
moon. 

2650.  ClassifieaHon  of  the  pktnei$  in  three  groups.  ^  First 
group  —  the  terrestrial  planets.  —  Of  the  planets  hitherto  dis-^ 
covered,  three  which  present  in  several  respects  remarkable 
analogies  to  the  earth,  and  whose  orbits  are  included  within  a 
circle  which  exceeds  the  earth's  distance  from  the  sun  bj  no 
inore  than  one-half,  have  been  from  these  circumstances  deno- 
minated TERRESTRIAL  PLANETS.      TwO  of  thcSC,  MeRCURT  and 

Venus,  revolve  within  the  orbit  of  the  earth ;  and  the  third. 
Mars,  revolves  in  an  orbit  outside  that  of  the  earth,  its  distance 
from  the  earth  when  in  opposition  being  onlj  half  the  earth's 
distance  fVom  the  sun. 

2651.  Second  group  —  the  planetoids.  —  A  chasm  having  a 
width  measuring  little  less  than  four  times  the  earth's  distance^ 
separated,  for  many  ages  after  astronomj  had  made  consider* 
able  progress,  the  terrestrial  planets  from  the  more  remote 
members  of  the  system.  The  labours  of  observers  during 
the  last  half  century,  but  chiefij  during  the  last  seven  years, 
have  filled  this  chasm  with  no  less  than  twenty-three  planets^ 
distinguished  from  all  the  other  bodies  of  the  system  by  their 
extremely  minute  magnitudes,  and  by  the  circumstance  of  re- 
volving in  orbits  very  nearly  equal  These  bodies  have  been 
distinguished  by  the  name  of  asteroids  or  planbtoid9,  the  lat^ 
ter  being  preferable  as  the  most  characteristic  and  appropriate. 

2652.  Third  group  ^ —  the  major  planets.  — » Outside  the  pla- 
netoids, and  at  enormous  distances  from  the  sun  and  from 
each  other,  revolve  four  planets  of  stupendous  magnitude  — 
named  JupiTBR,  Saturn,  Uranus,  and  Neptune:  the  two 
former  being  visible  to  the  naked  eye,  were  known  to  the 
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ancients ;  tbe  two  latter  are  telescopic^  and  were  discovered 
in  modem  times. 


CHAP.  xin. 

tHK   TERRESTRIAL  PLANETS. 

L  Mercury. 

2653.  Period,  —  The  nearest  of  the  planets  to  the  sun,  and 
that  which  completes  its  revolution  in  the  shortest  time,  is 
Mercurt. 

The  sjnodic  period  of  this  planet,  determined  bj  immediate 
observation,  is  115*88  days.  Hence  we  shall  have  by  the 
formula  (2589). 

1  ^       1         .         1       _    J_ 
p         115-88         365-25         87-98* 

The  period  of  Mercury  is,  therefore,  87*98,  or  very  nearly  88 
days. 

By  methods  of  calculation  susceptible  of  still  greater  preci- 
sion, the  period  is  found  to  be  87  97  days. 

If  the  earth's  period  be  expressed  by  1,  that  of  Mercury  will, 
therefore,  be  0-2408. 

2654.  Heliocentric  and  synodic  motions,  —  The  mean  daily 
heliocentric  motion  is,  therefore  (2568), 

a  =   ^^^  =  14732"-5  =  245'-5  =  4^092. 
87-97 

The  mean  daily  synodic  motion  is  (2569) 

«r  =  a  -  c  =  14732'^-5  -  3548''-2  =  11184''-3  =186M  =  3<>-ll. 

2655.  Distance  determined  by  greatest  elongation,  —  Owing 
to  the  ellipticity  of  the  planet's  orbit,  its  greatest  elongation  is 
subject  to  some  variation.  Its  mean  amount  is,  however,  about 
22^*5.  If  the  radius  r  of  the  planet's  orbit^  drawn  from  the  sun 
to  the  planet  at  the  point  of  its  greatest  elongation,  were  the 
arc  of  a  circle,  having  the  earth's  distance  from  the  sun  as 
radius,  we  should  have  (2294) 

r  ==  ^^'QQ^QQQ   X  22**-5  =  87>303,000  miles. 
o7-o 
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But  the  radius  r  being,  in  fact,  the  sine  of  22^*5,  and  not  the 
arc  itself,  the  value  of  r  is  a  little  less,  being  about  d6f  millions 
of  miles. 

2656,  By  the  karfnonic  law.  —  If  r  express  the  distance  of 
the  planet,  that  of  the  earth  being  1,  we  shall  have  (2621) 

r3  =  0-2408*  =  0-387 ». 
The  distance  of  the  planet  is,  therefore,  0*387.     But  the  mean 
distance  of  the  earth  being  95  millions  of  miles,  we  shall  have 
for  the  mean  distance  of  the  planet 

r   =  95,000,000   x   0-387  =  36,770,000  miles. 

2657.  Mean  and  extreme  distances  from  the  earth. — The  ec- 
centricity of  the  orbit  of  Mercury  is  much  more  considerable 
than  those  of  the  planets  generally,  being  a  little  more  than 
0*2,  expressed  in  parts  of  the  mean  distance.  The  distance  of 
the  planet  from  the  sun  is,  therefore,  subject  to  a  variation^ 
amounting  to  so  much  as  a  fifth  part  of  its  mean  value.  The 
greatest  and  least  distances  from  the  sun  are,  therefore, 

36|  4-  7^  =  43f  millions  of  miles  in  aphelion 
36|  —  7|  =  29J  „  „  perihelion. 

The  distance  is,  therefore,  subject  to  a  variation  in  the  ratio  of 
5  to  7  very  nearly. 

The  mean  distances  of  the  planet  from  the  earth  are,  there- 
fore, 

95  —  36f  =     59 J  mill,  of  miles  at  inf.  conj. 

95   +  36|  =  131}        „  „      sup.  conj. 

These  distances  are  subject  to  an  increase  and  diminution  of 
seven  and  one-third  millions  of  miles  due  to  the  eccentricity  of 
the  orbit  of  the  planet,  and  one  million  and  a-half  of  miles  due 
to  the  eccentricity  of  the  orbit  of  the  earth. 

265S,  Scale  of  the  orbit  relatively  to  that  of  the  earth, — The 
orbit  of  Mercury  and  a  part  of  that  of  the  earth  are  exhibited 
on  their  proper  scale  in^^.  742.,  where  se  is  the  earth's  distance 
from  the  sun,  and  mm"m  the  orbit  of  the  planet.  The  lines  Em'' 
drawn  from  the  earth  touching  the  orbit  of  the  planet  deter- 
mine the  positions  of  the  planet  when  its  elongation  is  greatest 
east  and  west  of  the  sun.  The  points  m  are  the  positions  of  the 
planet  at  inferior  and  superior  conjunction. 

2659.  Apparent  motion  of  the  planet.  —  The  eflfects  of  the 
combination  of  the  orbital  motions  of  the  planet  and  the  earth 
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upon  the  apparent  place  of  the  planet  will  now  be  easily  com- 
prehended. 

Since  the  mean  value  of  the 
greatest  elongation  m"  £8=22^**, 
the  arc  mm"  =  67^**  and  there^r 
fore  m''  m  ot"=  67|°  x  2  =  135^ 
The  times  of  the  greatest  elon« 
gntions  east  and  west  therefore 
divide  the  whole  synodic  period 
into  two  unequal  parts,  in  one 
of  which,  that  from  the  greatest 
elongation  east  through  inferior 
conjunction  to  the  greatest  elon- 
gation west,  the  planet  gains 
upon  the  earth  135^ ;  and  in 
the  other,  that  from  the  greatest 
elongation  west,  through  supe- 
rior conjunction  to  the  greatest 
pjg  -42  elongation  east,  it  gains  360°  — 

135°  =  225°.  Since  the  parts 
into  which  the  synodic  period  is  thus  divided  are  proportional 
to  these  angles,  they  will  be  (taking  the  synodic  period  in  round 
numbers  as  116  days), 

||x  116  =  43i  days; 

II   X   116  =  72i  days. 

And  since  the  former  interval  is  divided  equally  by  the  epoch 
of  inferior,  and  the  latter  by  the  epoch  of  superior,  conjunction, 
it  follows,  that  the  intervals  between  inferior  conjunction  and 
greatest  elongation  are  21^  days,  and  the  intervals  between 
superior  conjunction  and  greatest  elongation  are  36^  days. 

The  interval  between  the  times  at  which  the  plnnel  is 
stationary,  before  and  after  inferior  conjunction,  is  subject  to 
some  variation,  owing  to  the  eccentricities  of  the  orbits 
both  of  the  planet  and  the  earth,  but  chiefly  to  that  of  the 
planet's  orbit,  which  is  considerable.  K  its  mean  value  be  taken 
at  22  days,  the  angle  gained  by  the  planet  on  the  earth  in  that 
interval  being 

3°ai    X    22  =  68°-4, 
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the  angular  distances  of  the  points  at  which  the  planet  is  sta* 
tionaiy  from  inferior  conjunction  as  seen  from  the  sun  would 
be  34^-2,  which  would  correspond  to  an  elongation  of  about  2  P, 
as  seen  from  the  earth.  This  result,  however,  is  subject  to  very 
great  yariation,  owing  to  the  eccentricity  of  the  planefs  orbit 
and  other  causes. 

2660.  Conditions  which  favour  the  observation  of  an  inferior 
planet,  —  These  conditions  are  threefold  ;  1.  The  magnitude  of 
that  portion  of  the  enlightened  hemisphere  which  is  presented 
to  the  earth.  2.  The  elongation.  3.  The  proximity  of  the 
planet  to  the  earth. 

Since  it  happens  that  the  positions  which  render  some  of 
these  conditions  most  favourable  render  others  less  so,  the 
determination  of  the  position  of  greatest  apparent  brightness  is 
somewhat  complicated.  When  the  planet  is  nearest  to  the  earth 
its  dark  hemisphere  is  presented  towards  us  (2595) ;  besides 
which,  being  in  inferior  conjunction,  it  rises  and  sets  with  the 
sun,  and  is  only  present  in  the  day  time.  At  small  elongations 
in  the  inferior  part  of  the  orbit  its  distance  from  the  earth  is 
not  much  augmented,  but  it  is  still  overpowered  by  the  sun's 
light,  and  would  only  appear  as  a  thin  crescent  when  it  would 
be  possible  to  see  it.  At  the  greatest  elongation,  when  it  is 
halved,  it  is  most  removed  from  the  interference  of  the  sun,  but 
is  brightest  at  a  less  elongation,  even  though  it  moves  to  a 
greater  distance  from  the  earth,  since  it  gains  more  by  the 
increase  of  its  phase  than  it  loses  by  increased  distance  and 
diminished  elongation. 

Owing  to  the  very  limited  elongation  of  Mercury,  that  planet^ 
even  when  its  apparent  distance  from  the  sun  is  greatest,  sets 
in  the  evening  long  before  the  end  of  twilight ;  and  when  it 
rises  before  the  sun,  the  latter  luminary  rises  so  soon  after  it 
that  it  is  never  free  from  the  presence  of  so  much  solar  light 
as  to  render  it  extremely  difficult  to  see  the  planet  with  the 
naked  eye. 

In  these  latitudes  Mercury  is  therefore  rarely  seen  with  the 
naked  eye.  It  is  said  that  Copernicus  himself  never  saw  this 
planet,  a  circumstance  which,  however,  may  have  been  owing, 
in  a  great  degree,  to  the  unfavourable  climate  in  which  he 
resided.  In  lower  latitudes,  where  the  diurnal  parallels  are 
more  nearly  vertical  and  the  atmosphere  less  clouded,  it  is  more 
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frequently  visible,  and  there  it  is  more  conspicuous,  owing  to 
the  short  duration  of  twilight. 

2661.  Apparent  diameter ^ — its  mean  and  extreme  values. — 
Owing  to  the  variation  of  the  planet's  distance  from  the  earth, 
its  apparent  diameter  is  subject  to  a  corresponding  change. 
At  its  greatest  distance  its  apparent  diameter  is  ^\'\  and  at  its 
least  distance  11^",  its  value  at  the  mean  distance  being  6|^^ 

The  apparent  diameter  of  the  moon  being  familiar  to  every 
eye  supplies  a  convenient  and  instructive  comparison  by  which 
the  apparent  magnitudes  of  other  objects  may  be  indicated,  and 
we  shall  refer  to  it  frequently  for  that  purpose.  The  disk  of 
the  full  moon  subtends  an  angle  of  1800"  to  the  eye.  It  follows, 
therefore,  that  the  apparent  diameter  of  Mercury  when  it  ap- 
pears as  a  thin  crescent  near  inferior  coi\j  unction  is  about  the 
150th  part,  near  the  greatest  elongation  it  is  the  280th  part, 
and  near  superior  conjunction  the  400th  part,  of  the  apparent 
diameter  of  the  moon.  With  a  magnifying  power  of  140,  it 
would  therefore,  at  its  greatest  elongation,  appear  with  a  disk 
half  the  apparent  diameter  of  the  moon. 

2662.  Real  diameter,  —  The  distance  of  Mercury  in  inferior 
conjunction  being  d6|  millions  of  miles,  the  linear  value  of  V 
at  it  then  is  (2298) 

59,250,000 
206,265      =  ^^^'2  °^^^^J 
At  this  distance  its  apparent  diameter  is  1 1^'^;  and  if  d'  express 
its  real  diameter  we  shall  have 

T>'  =  287-2  +   11-25  =  3231  miles. 

Other  observations  make  the  diameter  somewhat  less,  and  fix  it 
at  2950  miles. 

2663.  Volume.  — If  V  express  the  volume,  that  of  the  earth 
being  y,  we  shall  have 

V  _  D^  _    /323iy  _    Jl_ 

V  "■  D»    "   U912/     ■"  14-6 

The  volume  is  therefore  less  than  the  14th  part  of  that  of  the 

^^P^         earth.     If  the  lesser  estimate  of  the  dia- 

jflj^^^      meter  of  Mercury  be  adopted,  it  will 

M^ft  np  ;||^Bb   follow  that  its  volume  is  about  the  17th 

^^  ^Sl^V      P^^^  ^^  ^^^^  o^  ^^^  earth.     The  relative 

^ill^^^       volumes   are  represented  by  m  and  £, 

Fig.  743.  fig-  743. 
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2664.  Ma98  and  density. —  Some  uncertaintj  has  hitherto 
attended  the  calculation  of  the  density  and  mass  of  this  planet, 
owing  to  the  absence  of  a  satellite.  The  disturbances  produced 
by  it  upon  the  motion  of  Encke's  comet  (a  body  which  will  be 
described  in  another  chapter)  have,  however,  supplied  the  means 
of  a  closer  approximation  to  it.  By  this  means  it  has  been  found 
that  if  M^  express  the  mass  of  the  planet  and  m  that  of  the  earth, 
we  shall  have 

M  ■"   1225' 

60  that  the  mass  is  12{  times  less  than  that  of  the  earth. 

If  d  and  d  express  the  densities  of  the  planet  and  the  earth, 
we  shall  therefore  have 

^ m'        v^  _  22^  HT  _  1470  _  ,.2Q 

rf    -  M    ^   v'  "   1225    ^     10    ■"   1225 

Other  estimates  make  it  1*12.  So  that  it  may  be  inferred  that 
the  density  of  Mercury  exceeds  that  of  the  earth  by  an  eighth 
to  a  fifth. 

2665.  Superficial  gravity. — If  ^  express  the  force  of  gravity 
on  the  surface  of  Mercury,  g  being  the  force  on  the  surface  of 
the  earth,  we  shall  have  (2639) 

g       M    ^  D» 

The  superficial  gravity  is  therefore  only  half  the  same  force 
on  the  earth.  Muscular  and  other  forces  not  depending  on 
weight  are  therefore  twice  as  efficacious.  The  height  through 
which  a  body  would  fall  in  a  second  would  be  96^  inches,  or  a 
little  more  than  eight  feet. 

2QGQ.  Solar  light  and  heat.  —  The  apparent  magnitude  of 
the  sun  is  greater  than  upon  the  earth,  in  the  same  ratio  as  the 
distance  is  less ;  and  owing  to  the  considerable  ellipticity  of 
Mercury's  orbit,  it  has  apparent  magnitudes  sensibly  difierent 
in  difierent  parts  of  Mercury's  year.  The  apparent  diameter  of 
the  sun  as  seen  from  the  earth  being  30^,  its  apparent  diameter 
seen  from  Mercury  will  be 

in  perihelion  30'   x  ^  =  92'-5, 


in  apheUon  30^  x   i^  =  64'-2, 
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at  mean  distance   30"   x   ^^  =  78', 

387 

Thus  the  apparent  diameter  when  least  is  twice,  and  when 
greatest  three  times,  that  under  which  the  sun  appears  from  the 
earth. 

In  fig,  744,  5.,  the  relative  apparent  magnitudes  of  the  sun,  as 


Fig.  744.  Fig.  745. 

seen  from  the  earth  and  from  Mercury,  at  the  mean  distance 
and  extreme  distances,  are  represented  at  e,m,m',  and  m".  If  b 
be  supposed  to  represent  the  apparent  disk  of  the  sun  as  seen 
from  the  earth,  M  will  represent  it  as  it  appears  to  Mercury  af 
the  mean  distance,  m'  at  aphelion  and  m''  at  perihelion. 

Since  the  illuminating  and  heating  power  of  the  sun's  rays, 
whatever  be  the  physical  condition  of  the  surface  of  the  planet, 
must  vary  in  the  same  proportion  as  the  apparent  area  of  the 
sun's  disk,  it  follows,  that  the  light  and  warmth  produced  by 
the  sun  on  the  surface  of  the  planet  will  be  greater  in  perihelion 
than  in  aphelion,  in  the  ratio  of  9  to  4,  and,  consequently,  there 
must  be  a  succession  of  seasons  on  this  planet,  depending  exclu- 
sively on  the  ellipticity  of  the  orbit,  and  having  no  relation  to 
the  direction  of  its  axis  of  rotation  or  the  position  of  the  plane 
of  its  equator  with  relation  to  that  of  its  orbit.  The  passage  of 
the  planet  through  its  perihelion  must  produce  a  summer,  and 
its  passage  through  aphelion  a  winter,  the  mean  temperature  of 
the  former  ceteris  paribus  being  above  twice  that  of  the  latter. 

If  the  axis  of  the  planet  be  inclined  to  the  plane  of  its  orbit, 
another  succession  of  seasons  will  be  produced,  dependent  on 
such  inclination  and  the  position  of  the  equinoctial  points.  If 
these  points  coincide  with  the  apsides  of  the  orbit,  the  summers 
and  winters  arising  from  both  causes  will  either  respectively 
coincide,  or  the  summer  from  each  cause  will  coincide  with  the 
winter  from  the  other.  In  the  former  case  the  intensities  of 
the  seasons  and  their  extreme  temperatures  will  be  augmented 
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by  the  coincidence,  and  in  the  latter  they  will  be  mitigated, 
the  snmmer  heat  from  each  cause  tempering  the  winter  cold  from 
the  other. 

If,  on  the  other  hand,  the  line  of  apsides  be  at  right  angles 
to  the  direction  of  the  equinoxes,  the  summer  and  winter  from 
each  cause  will  correspond  with  the  spring  and  autumn  from  the 
other,  and  a  curious  and  complicated  succession  of  seasons  must 
ensue,  depending  on  the  degree  of  obliquity  of  the  axis  of  the 
planet,  compared  vith  the  effects  of  the  eccentricity  of  its  orbit. 

In  comparing  the  calorific  influence  of  the  sun  on  Mercury  and 
the  earth,  it  must  be  remembered  that  the  actual  temperature 
produced  by  the  solar  rays  depends  on  the  density  of  the  atmo- 
sphere through  which  they  pass,  by  which  the  heat  is  collected  and 
diffused.  The  density  of  the  sun's  rays  above  the  snow*line  in 
the  tropics  is  as  great  as  at  the  level  of  the  sea,  but  the  tempe-* 
rntures  of  the  air  and  surrounding  objects  are  extremely  different. 
Notwithstanding,  therefore,  the  greater  density  of  the  solar  rays, 
the  atmospheric  conditions  of  the  planet  may  be  such  that  the 
superficial  temperature  may  not  be  different  from  that  of  the 
earth. 

The  intensity  of  the  solar  light  must  be  greater  than  at  the 
earth  in  the  ratio  of  four  to  one  when  the  planet  is  in  aphelion, 
and  nine  to  one  when  in  perihelion.  Its  effects  on  vision,  how- 
ever, may  be  rendered  the  same  by  the  mere  adaptation  of  the 
contractile  power  of  the  pupil  of  the  eye.    ( 1 129.) 

2667.  Method  of  tucertaining  the  diurnal  rotation  of  the 
planets,  -^  One  of  the  most  interesting  objects  of  telescopic 
inquiry  regarding  the  condition  of  the  planets  is,  the  question 
as  to  their  diurnal  rotation.  In  general,  the  manner  in  which 
we  should  seek  to  ascertain  this  fact  would  be,  by  examining 
with  powerful  telescopes  the  marks  observable  upon  the  disk  of 
the  planet.  If  the  planet  revolve  upon  an  axis,  these  marks, 
being  carried  round  with  it,  would  appear  to  move  across  the 
disk  from  one  side  to  the  other ;  they  would  disappear  on  one 
side,  and,  remaining  for  a  certain  time  invisible,  would  reappear 
on  the  other,  passing,  as  before,  across  the  visible  disk.  Let 
any  one  stand  at  a  distance  from  a  common  terrestrial  globe, 
and  let  it  be  made  to  revolve  upon  its  axis  :  the  spectator  will 
see  the  geographical  marks  delineated  on  it  pass  across  the 
hemisphere  which  is  turned  towards  him.  They  will  succes- 
sively disappear  and  reappear.     The  same  effects  must^  of 
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course,  be  expected  to  be  seen  upon  the  several  planets,  if  they 
have  a  motion  of  rotation  resembling  the  diurnal  motion  of  our 
globe. 

2568.  Difficulty  of  this  question  in  the  ccLse  of  Mercury,  — 
This  is  a  species  of  observation  which  has  not  yet  been  suoces- 
fully  made  in  the  case  of  Mercury.  Sir  John  Herschel,  who 
has  enjoyed  more  than  common  advantages  for  telescopic  obser^* 
vation  under  different  climates,  aflTirms,  that  little  more  can  be 
certainly  affirmed  of  Mercury  than  that  it  is  globular  in  form, 
and  exhibits  phases,  and  that  it  is  too  small  and  too  much  lost 
in  the  constant  and  close  effulgence  of  the  sun  to  allow  the 
further  discovery  of  its  physical  condition.  Other  observerj», 
however,  claim  the  discovery  of  indications  not  only  of  rotation 
but  other  physical  characters.  Schroter  says,  that  by  examining 
daily  the  appearance  of  the  cusps  of  the  crescent  he  ascer- 
tained that  it  has  a  motion  of  rotation  in  24^*  5^'  28"' 

2669.  Alleged  discovery  of  mountains,  —  The  same  observer 
claims  the  discovery  of  mountains  on  Mercury,  and  even  assigns 
their  height,  estimating  one  at  2132  yards,  and  another  18,978 
yards. 

These  observations,  not  having  been  confirmed,  must  be  con- 
sidered apochryphal. 

II.  Vknus. 

2670.  Period.  —  The  next  planet  proceeding  outwards  from 
the  sun  is  Venus,  which  revolves  in  an  orbit  within  that  of  the 
earth,  and  which,  after  the  sun  and  moon,  is  the  most  splendid 
object  in  the  firmament. 

The  synodic  period,  ascertained  by  observation,  is  584  days. 
Her  period  deduced  from  this  (2589)  is,  therefore, 

Jl_  ^__1 1_^  J_^ 

p         365-25         584         225 
By  the  other  methods  it  is  more  exactly  determined  to  be 
224-7  days. 

If  the  earth's  period  be  taken  as  the  unit,  that  of  Venus  will, 
therefore,  be  0-61. 

2671.  Heliocentric  and  synodic  motions.  —  The  mean  daily 
heliocentric  motion  of  Venus  is,  therefore  (2568), 

1296000  _   e^^^„  „  ^^,,o  _   ,o., 


224-7 


=  5768''  =  96'-13  =  l°-6, 
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and  the  mean  daily  synodic  motion  is  (2569) 

<r  =  a  -  f  =  6768''  —  3548"  =  2220^'  =  37', 

2672.  Distance^  by  greatest  elongation. — The  mean  amount  of 
the  greatest  elongation  of  Venus  being  found  by  observation 
to  be  about  45''  or  46°,  it  follows  that  in  that  position  lines 
drawn  to  the  earth  and  sun  from  the  planet  would  form  the 
sides  of  a  square,  of  which  the  earth's  distance  from  the  sun  is 
the  diagonal.  If,  therefore,  the  earth's  distance  be  expressed  by 
1  -0000,  that  of  Venus  would  be  0-7071. 

2673.  By  the  harmonic  law. — If  r  express  the  mean  distance 
of  the  planet  from  the  sun  (2621),  we  have 

r»  =  0-6P  =  0-719*. 

Therefore  r  =  0*719  ;  and  since  the  mean  distance  of  the  earth 
is  95  millions  of  miles,  we  shall  have 

r'  =  95,000,000   x   0-719  «  68,300,000. 

By  more  exact  methods  the  distance  is  found  to  be  68|  millions 
of  miles. 

2674.  Mean  and  extreme  distances  from  the  earth. — Its  dis- 
tances from  the  earth  at  inferior  conjunction,  greatest  elonga- 
tion, and  superior  conjunction,  are  therefore 

26,250,000  miles  at  inf.  con. 
65,000,000  miles  at  greatest  elon. 
163,750,000  miles  at  super,  con. 

The  eccentricity  of  the  orbit  of  Venus  being  less  than  0*007, 
these  distances  are  subject  to  very  little  variation  from  that 
cause.  The  extreme  distance  of  the  planet  from  the  sun  will  be 

68|  —  Oi  ss  68^  millions  of  miles  in  perihelion^ 
68|  4-0^=69^  „  „        aphelion. 

These  distances  of  the  planet  from  the  earth  are  subject 
therefore  to  an  increase  and  diminution,  amounting  to  half  a 
million  of  miles,  due  to  the  eccentricity  of  the  planet's  orbit, 
and  one  and  a  half  million  of  miles  due  to  that  of  the  earth's 
orbit. 

2675.  Scale  of  the  orbit  relative  to  that  of  the  earth.— ThQ 
relation  of  the  orbit  of  Venus  to  fhe  earth  is  represented  in 
fig.  746.,  where  se  represents  the  earth's  distance  from  the  sun, 
and  vsr  the  mean  diameter  of  the  planet's  orbit  on  the  same 
scale.    The  angles  sev'^  represent  the  greatest  elongation  of 
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the  planet,  which  is  about  46^  The  lesser  elongations  v'^^es  are 

those  at  which  the  planet  ap- 
pears with  less  than  a  full  disk, 
or  gibbous,  as  at  t/^,  or  as  a 
crescent,  as  at  t/.  (2595.) 

2676.  Apparent  motion. — 
Since  the  mean  value  of  the 
greatest  elongation  is  ascer- 
tained to  be  46°,  the  angle  at 
the  sun,  r'^SB  =  44°,  and  con- 
sequently the  angle  r^'st;'',  in- 
cluded between  the  greatest 
elongations  east  and  west,  is 
88.°  Since  the  time  taken  by 
the  planet  to  gain  this  angle 
upon  the  earth  bears  the  same 
Fig.  746.  ^^^^^  ^^  t^®  synodic  period  a9 

this  angle  bears  to  360°,  the 

intervals  into  which  the  synodic  period  is  divided  by  the  epochs 

of  greatest  elongation,  are 

J?-   X   68*  «  142-8  days, 

1^  X   584  =  441-2  days. 

The  intervals  between  inferior  conjunction  and  greatest  elonga- 
tion are  therefore  7li^  days,  and  the  intervals  between  superior 
conjunction  and  greatest  elongation  are  220^  days. 

2677.  Stations  and  retrogression.  —  From  a  comparison  of 
the  orbital  motions  and  distances  of  the  earth  and  planet,  it  is 
found  that  the  epochs  at  which  it  is  stationary  are  about  twenty 
days  before  and  after  inferior  conjunction.  Now,  since  the  planet 
gains  0°-61  per  day  upon  the  earth,  this  interval  corresponds  to 
an  angle  of 

20  X  0°-61  =r  12°-2, 

at  the  sun,  which  corresponds  to  an  elongation  of  25°. 
The  arc  of  retrogression  is  little  less  than  a  degree. 

2678.  Conditions  which  favour  the  observation  of  Venus,-^ 
This  planet  presents  itself  to  the  observer  under  conditions  in 
many  respects  more  favourable  for  telescopic  examination  than 
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Mercury.  The  actual  diameter  of  Venus  is  more  than  twice  that 
of  Mercurj.  It  approaches  nearer  to  the  earth  in  the  inferior 
part  of  its  orbit  in  the  ratio  of  13  to  30.  It  elongates  itself 
from  the  sun  to  the  distance  of  46°,  while  the  elongation  of 
Mercury  is  limited  to  22^°.  The  latter  is  never  seen,  except  in 
strong  twilight  Venus,  especially  in  the  lower  latitudes,  is 
seen  at  a  considerable  elevation  long  after  the  cessation  of 
evening  and  before  the  commencement  of  morning  twilight,  and 
when  she  has  a  gibbous  or  a  crescent  phase.  The  planet  appears 
brightest  when  its  elongation  is  about  40°  in  the  superior  part 
of  her  orbit. 

2679.  Evening  and  morning  star, — Lucifer  and  Hespervs* — 
This  planet  for  these  reasons  is,  next  to  the  sun  and  moon,  the 
most  conspicuous  and  beautiful  object  in  the  firmament.  When 
it  has  western  elongation,  it  rises  before  the  sun,  and  is  called 
the  MORNING  STAB,  When  it  has  eastern  elongation  it  sets  after 
the  sun,  and  is  called  the  evening  stab. 

The  ancients  gave  it,  in  the  former  position,  the  name 
Lucifer  (the  harbinger  of  day),  and  in  the  latter  Hesperus. 

2680.  Apparent  diameter.  —  Owing  to  the  great  difference 
between  its  distance  from  the  earth  at  inferior  and  superior 
conjunctions,  the  apparent  diameter  of  this  planet  varies  in 
magnitude  within  wide  limits.  At  superior  conjunction  it  is 
only  lO'',  from  which  to  inferior  conjunction  it  gradually  en- 
larges until  it  becomes  62'^^  and  in  some  positions  even  so  much 
as  76^.  At  its  greatest  elongation  its  apparent  diameter  is 
about  25%  and  at  its  mean  distance  164^^ 

Thus,  when  the  planet  appears  as  a  thin  crescent  immediately 
before  or  after  inferior  conjunction,  the  magnitude  is  such  that 
the  line  joining  the  cusps  is  the  30th  part  of  the  line  joining 
the  cusps  of  the  crescent  moon,  and  a  telescope  having  a  mag- 
nifying power  no  greater  than  30  will  show  it  with  an  apparent 
size  equal  to  that  of  the  crescent  moon  to  the  naked  eye. 

At  or  near  the  greatest  elongation  it  requires  a  magnifying 
power  of  70,  and  near  superior  conjunction  one  of  180,  to  pro- 
duce a  like  effect 

2681.  Difficulties  attending  the  telescopic  observations  of 
Venus. — Notwithstanding  this  the  greatest  difficulties  have 
attended  the  telescopic  observation  of  this  planet  Its  intense 
lustre  dazzles  the  eye,  and  aggravates  all  the  optical  imperfec* 
tiona  of  the  instrument 
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The  low  altitudes  at  which  the  observations  are  generally 
made  constitute  another  difficulty,  the  irregular  effects  of  re- 
fraction interfering  materially  with  the  appearance.  Some 
observers  have  consequently  contended  that  the  best  position 
for  observations  upon  it  is  near  superior  conjunction,  when  its 
phase  is  full,  and  when  by  proper  expedients  it  may  be  ob- 
served at  midday  within  a  few  degrees  of  the  sun's  disk. 

2682.  Real  diameter. --Th^  linear  value  of  1"  at  Venus,  when 
she  appears  as  a  thin  crescent  near  her  inferior  conjunction,  is 

26,250,000  ^   127-2  miles. 
206,265 

At  this  distance  her  apparent  diameter  is  SV ;  and  if  iv  express 
her  real  diameter,  we  shall  have 

D'  =  127-2   X   61   =  7760  miles. 
The  magnitude  of  Venus  is,  therefore,  nearly  equal  to  that  of 
the  earth. 

2683.  Mass  and  density, — By  the  methods  explained  in 
(2639),  it  has  been  ascertained  that  the  mass  of  Venus  is 
greater  than  that  of  the  earth  in  the  ratio  of  1 13  to  100 ;  and  as 
the  volumes  are  nearly  equal  their  densities  are  also  nearly  equaL 

2684.  Superficial  gravity. — All  the  conditions  which  affect 
the  gravity  of  bodies  on  the  surface  of  Venus  being  the  same, 
or  nearly  so,  as  those  which  affect  bodies  on  the  earth,  the  super* 
ficial  gravity  is  nearly  the  same. 

2685.  Solar  light  and  heat, — The  density  of  the  solar  rays 
is  greater  than  upon  the  earth  in  the  inverse  ratio  of  the  squares 
of  the  numbers  7  and  10,  which  express  their  distances  from 
the  sun.  The  intensity  is,  therefore,  greater  at  Venus  in  the 
ratio  of  2  to  1. 

The  relative  apparent  magnitudes  of  the  sun's  disk  at  Venus 

and  the  earth  are  represented 
at  V  and  e.  Jig,  747.     Owing 


to  the  very  small  eccentricity 
of  the  orbit  this  magnitude  is 
Fig  747^  not  subject  to  any  very  sen-* 

sible  variation. 
2686.  Rotation  — probable  mountains.  —  Although  there  is 
very  little  doubt  of  the  fact  that  this  planet  has  a  diurnal  ro- 
tation analogous  to  that  of  the  earth,  the  observations  which 
might  have  been  expected  to  demonstrate  it  in  a  satisfactory 
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manner  have  been  obstructed  by  the  causes  already  noticed 
(2681),  Nevertheless  Cassini,  in  the  17th  century,  and 
Schroter  towards  the  close  of  the  18th,  with  instruments  very 
inferior  to  the  telescopes  of  the  present  day,  deduced  from  the 
phases  a  period  of  rotation  in  complete  accordance  with  the 
results  of  the  most  recent  observations. 

These  astronomers  found  that  the  points  of  the  horns  of 
the  crescent  observed  between  inferior  conjunction  and  greatest 
elongation  appeared  at  certain  moments  to  lose  their  sharpness, 
and  to  become  as  it  were  blunted.  This  appearance  was,  how- 
ever, of  very  short  duration,  the  horn  after  some  minutes  always 
recovering  its  sharpness.  Such  an  effect  would  obviously  be 
produced  by  a  local  irregularity  of  surface  on  the  planet,  such 
fis  a  lofty  mountain^  which  would  throw  a  long  shadow  over 
that  part  of  the  surface  which  would  form  the  point  of  the  horn. 
Now,  admitting  this  to  be  the  cause  of  the  phenomenon,  it 
ought  to  be  reproduced  by  the  same  mountain  at  equal  intervals, 
this  interval  being  the  time  of  rotation  of  the  planet.  Such  a 
periodical  recurrence  was  accordingly  ascertained. 

2687,  Observations  of  Cassini,  Jlerschel,  and  Schroter. — 
From  such  observations  the  elder  Cassini,  so  early  as  1667,  in- 
ferred the  time  of  rotation  of  the  planet  to  be  23'*,  16™.,  a  period 
not  very  different  from  that  of  the  earth.  Soon  after  this, 
Bianchini,  an  Italian  astronomer,  published  a  series  of  observa- 
tions tending  to  call  in  doubt  the  result  obtained  by  Cassini,  and 
showing  a  period  of  576  hours.  Sir  William  Herschel  resumed 
the  subject,  aided  by  his  powerful  telescopes,  in  1780,  but  with- 
out arriving  at  any  satisfactory  result,  except  the  fact  that  the 
planet  is  invested  with  a  very  dense  atmosphere.  He  found  the 
cusps  (contrary  to  the  observations  of  Cassini,  and,  as  we  shall 
see,  of  more  recent  astronomers)  always  sharp,  and  free  from 
irregularities.  Schroter  made  a  series  of  most  elaborate  ob- 
servations on  this  planet,  with  a  view  to  the  determination  of 
its  i"otation.  He  considered  not  only  that  he  saw  periodical 
changes  in  the  form  of  the  points  of  the  horns,  but  also  spots, 
which  had  sufficient  permanency  to  supply  satisfactory  indica- 
tions of  rotation.  From  such  observations  he  inferred  the  time 
of  rotation  to  be  23'*.  21"*.  7*98*.  From  observations  upon  the 
horns,  he  inferred  also  that  the  southern  hemisphere  of  the 
planet  was  more  mountainous  than  the  northern;  and  he  at- 
tempted, from  observations  on  the  bluntness  periodically  pro- 
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duced  on  the  southern  point  of  the  crescent,  to  estimate  the 
height  of  some  of  the  moantains,  which  he  inferred  to  amount 
to  the  almost  incredible  altitude  of  twentj-two  miles. 

2688.  Observatiom  of  MM.  Beer  and  Madler-^time  of 
rotation,  —  Although  the  estimate  of  the  planet's  rotation  result* 
ing  from  the  observations  of  Schroter,  corroborating  those  of 
Cassini,  has  been  generally  accepted  hy  the  scientific  world,  the 
question  was  not  regarded  as  definitively  settled ;  and  a  series  of 
observations  was  made  by  MAL  Beer  and  Madler,  between  1833 
and  1836,  which  went  far  to  confirm  the  conclusions  of  Cassini 
and  Schroter ;  and  the  still  more  recent  observations  of  De  Vico 
at  Rome  may  be  considered  as  removing  all  doubt  that  the  period 
of  the  planet's  rotation  does  not  vary  much  from  23  j:^. 

2689.  Beer  and  Madf^r's  diagrams  of  Venus. -^  la  Jig.  748., 

I  .*J  5  r  9  )1  13  1^  17 


9  4  ^  8  10  12  14  16  18 

Fig.  748. 

are  represented  a  series  of  eighteen  diagrams  of  the  planet, 
selected  from  a  much  greater  number  made  by  MM.  Beer  and 
Madler  at  the  dates  indicated  above.  These  drawings  were 
when  taken  the  planet  was  approaching  inferior  conjunction,  tlie 
planet  being  observed  either  before  sunset  or  during  twilight. 

If  the  surface  of  the  planet  were  exempt  from  considerable 
inequalities,  the  concave  edge  of  the  crescent  would  be  a  sen- 
sible ellipse,  subject  to  no  other  deficiency  of  perfect  regularity 
and  sharpness,  save  such  as  might  be  explaiaed  by  the  gradual 
faintness  of  illumination  due  to  the  atmosphere  of  Venus.  The 
mere  inspection  of  the  diagrams  is  enough  to  show  that  SHch  i9 
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i&ot  the  appeturance  of  the  disc  Irregularities  of  curyature  and 
of  the  forms  of  the  cusps  are  apparent,  which  can  only  arise 
from  corresponding  irregularities  of  the  surface  of  the  planet. 
If  the  want  of  sharpness  in  the  horns  of  the  crescent  arose  from 
any  effect  produced  by  the  terrestrial  atmosphere  on  the  optical 
image  of  the  disc  it  would  equally  a£Pect  both  cusps.  Several 
of  the  diagrams,  for  example,  figs.  1,  2,  3,  7,  8,  15,  17,  are  at 
variance  with  such  an  hypothesis^  the  cusps  being  obviously 
different  in  form. 

In  corroboration  of  the  observations  of  Schroter,  it  was  ascer- 
tained that  the  southern  cusp  was  subject  to  greater  and  more 
fi*equent  changes  of  form  than  the  northern,  from  which  it  was 
inferred  that  the  southern  hemisphere  of  the  planet  is  the  more 
mountainous.  It  is  remarkable  that  the  same  character  is  found 
to  prevail  on  the  moon. 

It  was  not  only  observed  that  the  irregularities  of  the  concave 
edge  of  the  crescent  were  subject  to  a  change  visible  from  5™. 
to  5°^.,  but  that  the  same  forms  were  reproduced  after  an  in« 
terval  of  234^,  subject  to  an  error  not  exceeding  from  5  to  10 
minutes. 

2690.  More  recent  observations  of  De  Vico.  —  In  fine,  De 
Yico,  observing  at  a  still  later  date  at  Rome,  favoured  by  the 
clear  sky  of  Italy,  made  several  thousand  measurements  of  the 
planet  in  its  phases,  the  general  result  of  which  is  in  such  com- 
plete accordance  with  those  of  MM.  Beer  and  Madler,  that  the 
fact  of  the  planet's  rotation  may  be  now  regarded  as  satisfac- 
torily demonstrated,  and  that  its  period  does  not  differ  much 
from  23\  15™. 

2691.  Direction  of  the  axis  of  rotation  unascertained.  —  If 
such  difficulties  have  attended  the  mere  determination  of  the 
rotation,  it  will  be  easily  conceived  that  those  which  have  at- 
tended the  attetnpts  to  ascertain  the  direction  of  the  axis  of 
rotation  have  been  much  more  insurmountable.  The  observa- 
tions above  described,  by  which  the  rotation  has  been  esta- 
blished, supply  no  ground  by  which  the  direction  of  the  axis 
could  be  ascertained.  No  spot  has  been  seen  the  direction  of 
whose  motion  could  indicate  thai  of  the  axis^  It  was  conjec- 
tured, with  little  probability,  by  some  observers,  that  the  axis 
was  inclined  to  the  orbit  at  the  angle  of  75^  Thia  conjecture, 
however,  has  not  be<^  confirmed. 

2692.  TvnUght  on  Venus  and  Mercury. — The  exiftenoe  of 
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an  extensive  twilight  in  these  planets  has  been  well  ascertained. 
By  observing  the  concave  edge  of  the  crescent  which  corre« 
spends  to  the  boundary  of  the  illuminated  and  dark  hemispheres^ 
it  is  found  that  the  enlightened  portion  does  not  terminate  sud-* 
denly,  but  there  is  a  gradual  fading  away  of  the  light  into  the 
darkness,  produced  by  the  band  of  atmosphere  illuminated  by 
the  sun  which  overhangs  a  part  of  the  dark  hemisphere,  and 
produces  upon  it  the  phenomena  of  twilight. 

Some  observers  have  seen  on  the  dark  hemisphere  of  the 
planet  Venus  a  faint  reddish  and  grayish  light,  visible  on  parts 
too  distant  from  the  illuminated  hemisphere  to  be  produced  by 
the  light  of  the  sun.  It  was  conjectured  that  these  effects  are 
indications  of  the  play  of  some  atmospheric  phenomena  in  this 
planet  similar  to  the  aurora  borealis. 

In  fine,  it  may  be  stated  generally,  that  so  far  as  relates  to  the 
physical  condition  of  the  inferior  planets,  the  whole  extent  of 
our  certain  knowledge  of  them  is,  that  they  are  globes  like  the 
earth,  illuminated  and  warmed  by  the  sun ;  that  they  are  in- 
vested with  atmospheres  probably  more  dense  than  that  of  the 
earth ;  and  since  observations  render  probable  the  existence  of 
vast  masses  of  clouds  on  Venus,  if  not  on  Mercury,  analogy 
justifies  the  inference  that  liquids  exist  on  these  planets. 

2693.  Spheroidal  form  unascertained — suspected  satellite. 
—  One  of  the  phenomena  from  which  the  rotation,  as  well  as  the 
direction  of  the  axis,  might  be  inferred,  is  the  spheroidal  form 
of  the  planet.  To  ascertain  this  by  observations  of  the  disk,  it 
would  be  necessary  to  see  the  planet  with  a  full  phase.  But 
when  the  inferior  planets  have  that  phase,  they  are  near  superior 
conjunction,  and  therefore  lost  in  the  solar  light.  It  has  been 
nevertheless  contended,  that  when  Venus  is  most  remote  from 
her  node,  she  is  sufficiently  removed  from  the  plane  of  the 
ecliptic  to  be  observed  with  a  good  telescope  at  noon  when  in 
superior  conjunction.  No  observation,  however,  of  this  kind 
has  ever  yet  been  made,  and  the  spheroidal  form  of  the  planet 
is  unascertained. 

Several  observers  of  the  last  two  centuries  concurred  in  main-t 
taining  that  they  had  seen  a  satellite  of  Venus.  Cassini,  the 
elder,  imagined  he  saw  such  a  body  near  the  planet  on  the  25 tb 
of  January^  1672,  and  again  on  27th  of  August,  1686 ;  Short,  the 
well-known  optical  instrument  maker,  on  3d  November,  1740; 
Montaigne,  the  French  astronomer,  in  May,  1761 ;  several  ob- 
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Bervers  in  March,  1764,  all  agree  in  reporting  observations  of 
such  a  body.  In  each  case  the  phase  was  similar  to  that  of 
Yenas,  and  the  apparent  diameter  about  a  fourth  of  that  of  the 
planet.  By  collecting  these  observations,  Lambert  computed 
the  orbit  of  the  supposed  satellite. 

In  opposition  to  all  this,  it  may  be  stated  that  notwithstand- 
ing the  immense  improvement  in  optical  instruments,  and  espe- 
cially in  the  construction  of  telescopes  of  power  far  surpassing 
any  of  which  the  observers  before  the  present  century  were  in 
possession,  no  trace  of  such  a  body  has  been  detected,  although 
observers  have  increased  in  number,  activity,  and  vigilance,  in 
a  proportion  greater  still  than  that  of  the  improvement  of  teles- 
copes. It  must,  therefore,  be  concluded,  at  least  for  the  present, 
that  the  supposed  appearances  recorded  by  former  observers 
were  illusive. 

III.  Maks. 

2694.  Position  in  the  system. — Proceeding  outwards  from 
the  sun,  the  third  planet  in  the  order  of  distance  is  the  Earth. 
The  fourth  in  order,  whose  orbit  circumscribe  that  of  the 
earth,  is  the  planet  Mars. 

2695.  Period. — The  synodic  period  of  Mars  is  found  by 
observation  to  be  780  days.  It  follows  from  this  that  if  p 
express  the  periodic  time  of  the  planet  in  days,  we  shall  have 

!__  J 1__    1^ 

p       365      780      687' 

The  periodic  time  of  Mars  is  therefore  687  days,  or,  as  appears 
by  more  exact  methods  of  calculation  and  observation,  686*979 
^ays. 

The  earth's  period  being  taken  as  the  unit,  the  period  of 
Mars  will  therefore  be  1*881. 

2696.  Distance. — To  compute  by  the  Harmonic  Law  the 
mean  distance  of  Mars  from  the  sun,  we  have  therefore 

l-88»  =  l-5246». 

The  mean  distance  is  therefore  1*5246,  that  of  the  earth  being 
the  unit,  and  the  mean  distance  in  miles  is 

95,000,000  X  1-524  =  144,780,000, 

or  about  144}  millions  of  miles. 

2697.  Eccentricity — mean  and  extreme  distances  from  the 
in.  p 
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earth, — The  eccentricitj  of  the  orbit  of  Mars  being  about 
0*09,  the  distance  is  subject  to  a  variation,  the  extreme  amount 
of  which  is  less  than  one-tenth  of  its  mean  value.  The  extreme 
distances  are 

144f  + 13 » 157}  milHon  miles  in  aphelion. 
144}— 13»  131}  million  miles  in  perihelion. 

It  appears,  therefore,  that  the  mean  distances  of  the  planet  from 
the  earth  are 

In  Opposition  -  -        144}— 95 » 49}  million  miles. 

In  Conjunction  -  -        144}  +  95 » 239}  million  miles. 

In  Quadrature  -  -  -i  109  million  miles. 

These  distances  are  subject  to  variation,  whose  extreme  limit 
is  about  15  millions  of  miles,  owing  to  the  combined  effects  of 
the  eccentricities  of  the  two  orbits.  Although  the  mean  dis- 
tance of  the  planet  in  opposition  from  the  earth  is  about  half 
the  distance  of  the  sun,  it  may  in  certain  positions  of  the  orbit 
come  within  a  distance  of  35  hundredths  of  the  sun*s  distance. 
In  the  opposition  which  took  place  in  September,  1830,  the 
distance  of  the  planet  was  only  SSth  hundredths  of  the  sun'a 
mean  distance. 

2698.  Heliocentric  and  synodic  motions, — The  mean  daily 
Heliocentric  motion  of  Mars  is  (2568) 

«  =:l?^f^=18"86  =  81M. 
oo7 

The  mean  synodic  motion  is  therefore  (2569) 

<r  =  £  —  o  =  3548  —  1886  =  16"62  =  27'-7. 

2699.  Scale  cf  orbit  relatively  to  that  cf  the  earth,— 1£  s, 
^g.  749.,  represent  the  position  of  the  sun,  and  sm  the  distance 
of  Mars,  the  orbit  of  the  earth  will  be  represented  by  ee'V'e'. 

2700.  Division  of  the  synodic  period,  —  The  earth  is  at  e"' 
when  Mars  is  in  conjunction,  at  e'  when  in  quadrature  west  of 
the  sun,  at  e  when  in  opposition,  and  at  b^^  when  in  quadrature 
east  of  the  sun. 

The  angle  of  elongation  se'm  being  90^,  and  the  mean  value 
of  SM  being  r52,  that  of  se^  being  expressed  by  1,  it  follows 
that  the  angle  e'sm  will  be  about  48%  and  therefore  e'se'^'  = 
180'' —  48''=  132^ 

Since  the  synodic  period  is  780  days,  the  mean  time  between 
quadrature  and  opposition  will  be 
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48 
^X  780=  104  days; 

and  the  mean  time  be- 
tween quadrature  and 
conjunction  will  be 

860"  ^  ^®^  ^  ^^^  ^*^- 

2701.  Apparent  motion. 
—  The  various  changes 
of  the  apparent  positions 
of  the  planet  and  sun 
daring  the  synodic  period 
may,  therefore,  be  easily 
explained.  At  conjunc* 
tion  the  earth  being  at 
p.      ^^  b"',  the  planet  and  sun 

**  pass  the  meridian  toge- 

ther. In  this  case,  the  planet  being  above  the  horizon 
only  daring  the  day,  is  not  visible.  After  conjunction,  the 
planet  passes  the  meridian  in  the  forenoon,  and  is  therefore 
visible  above  the  eastern  horizon  before  sunrise.  Before  con- 
junction it  passes  the  meridian  in  the  afternoon,  and  is  there- 
fore visible  above  the  western  horizon  after  sunset. 

At  the  time  of  the  western  quadrature,  the  earth  being  at  s', 
the  planet  passes  the  meridian  about  6  a.  m.,  and  at  the  time  of 
western  quadrature  the  earth  being  at  e'^  it  passes  the  meridian 
about  6  P.M.  The  planet  has  these  positions  about  286  days, 
more  or  less,  after  and  before  its  conjunction. 

At  the  time  of  opposition,  the  earth  being  at  e,  the  planet 
passes  the  meridian  ot  midnight;  and  is  therefore  above  the 
horizon  from  sunset  till  sunrise.  Before  opposition  it  passes 
the  meridian  before  midnight,  and  is  above  the  horizon  chiefly 
during  the  later  part  of  the  night,  and  after  opposition  it  passes 
the  meridian  after  midnight,  and  is  therefore  above  the  horizon 
chiefly  during  the  earlier  part  of  the  night. 

The  interval  during  which  it  is  visible  more  or  less  in  the 
absence  of  the  sun,  being  that  during  which  it  passes  from 
western  to  eastern  quadrature  through  opposition  is,  in  the 
case  of  Mars,  104  x  2  =  208  days. 

r  2 
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2702.  Stations  and  retrogression.  —  The  elongations  at 
which  Mara  is  stationary,  and  the  lengths  of  his  arc  of  re- 
trogression, vary  to  some  extent  with  the  distances  of  the 
planet  from  the  sun  and  earth,  which  distances  depend  on  the 
ellipticitj  of  the  two  orbits,  and  the  direction  of  their  major 
axes.  In  1854  Mars  will  be  in  opposition  on  Ist  March,  and 
will  be  stationary  on  the  I7th  January  and  10th  April.  The 
right  ascension  on  these  days  will  be, 

17  Jan.    .    R.A.        -        .         11»»  19"^  32« 
10  April  •    K.  A.         -         •         10      4     56 

14     36 


It  follows,  therefore,  that  the  extent  of  retrogression  in  right 
ascension  will  then  be  14°^  36",  which  reduced  to  angular 
magnitude  is 

(14°»  36«)  X  15  =  219'  =  3**— 39^. 

2703.  Phases.  —  At  opposition  and  conjunction  the  same 
hemisphere  being  turned  to  the  earth  and  sun,  the  planet 
appears  with  a  full  phase.  In  all  other  positions  the  lines 
drawn  from  the  planet  to  the  earth  and  sun,  making  with  each 
other  an  acute  angle  of  greater  or  less  magnitude,  the  phase 
will  be  deficient  of  complete  fullness,  and  the  planet  will 
be  gibbous,  more  so  the  nearer  it  is  to  its  quadrature,  in' 
which  position  the  lines  drawn  to  the  earth  and  sun  make 

the  greatest  possible  angle,  which  being 
the  complement  of  e^  s  m,  will  be 
90*'-48''=42^  Of  the  entire  he- 
misphere presented  to  the  earth  138^ 
will  therefore  be  enlightened  and  42^ 
dark.  The  corresponding  form  of  the 
disk,  as  can  easily  be  deduced  from  the 
common  principles  of  projection,  will  be 
that  which  is  represented  in  fy,  750., 
Fig.  75a  ^^®  ^^^^  V^^  being  indicated  by  the 

dotted  line. 
The  gibbosity  will  be  less  the  nearer  the  planet  approaches 
to  opposition  or  conjunction. 

2704.  Apparent  and  real  diameter, — The  apparent  diameter 
of  Mars  in  opposition  varies  between  rather  wide  Umits,  in  con- 
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sequence  of  the  variation  of  its  distance  from  the  earth  in  that 
position,  arising  from  the  causes  explained  above.  When  at 
its  mean  distance  at  opposition  the  apparent  magnitude  does 
not  exceed  16^',  and  at  conjunction  it  is  reduced  to  3'''7. 

In  1830,  soon  after  opposition,  when  its  distance  from  the 
earth  was  88-^  million  of  miles,  it  exhibited  a  diameter  of  22^'; 
the  linear  value  of  V'  at  that  distance  being 

206265  =^B5>7  miles, 
the  diameter  jy  of  the  planet  must  be 

J/  =  185-7  X  22  =  4085  miles. 

2705.  Volume. — If  Y  be  the  volume,  that  of  the  earth  being 
v,  we  have 

y     r4085l8       1       ^,^^ 
T'={790o|=y5=^-1^3- 

The  volume  is  therefore  less  than  the  seventh  part  of  that  of 
the  earth*  The  relative  volumes  of  Mars  and  the  earth  are 
represented  at  m  and  b,^^.  746. 

2706.  Mass  and  density, — Bj  the  methods  explained  it 
has  been  ascertained  that  the  mass  of  Mars  is  145,  that  of  the 
earth  being  1000. 

We  shall  have  for  the  density  therefore, 

^      145      ,^ 
^=j33=l-09. 

The  density  is  very  nearly  equal,  therefore,  to  that  of  the 
earth. 

2707.  Superficial  gravity.  —  The  superficial  gravity  being 
determined  by  the  formula  (2639),  we  shall  have 

1^  =  0-54. 

It  appears,*  therefore,  that  the  force  of  gravity  on  the  surface 
of  Mars  is  a  little  more  than  half  its  intensity  pn  the  surface  of 
the  earth. 

2708.  Solar  light  and  heat  —  The  mean  distance  of  the 
earth  from  the  sun  being  less  than  that  of  Mars  in  the  ratio  of 
10  to  15,  the  apparent  diameter  of  the  sun  as  seen  from  Mars 
If  ill  be  less  than  its  diameter  as  seen  from  the  earth  in  the  sam^ 
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ratio.    KE^Jig.  747.,  represent  the  apparent  disk  of  the  sun 

as  seen  from  the  earth, 
x  will  represent  its  ap- 
parent disk  as  seen  from 
Mars. 

Since  the  density  of 
p.    ^^^  the  solar  radiation  de- 

creases as  the  square  of 
the  distance  increases,  its  density  at  Mars  will  be  less  than  at 
the  earth  in  the  ratio  of  4  to  9. 

So  far  as  the  illuminating  and  heating  powers  of  the  solar 
rajs  depend  on  their  density,  they  will,  therefore,  be  less  in  the 
same  proportion. 

270^.  Rotation, — There  is  no  body  of  the  solar  system,  the 
moon  alone  excepted,  which  has  been  submitted  to  so  rigorous 
and  successful  telescopic  examination  as  Mars.  Its  proximity 
to  the  earth  in  opposition,  when  it  is  seen  on  the  meridian  at 
midnight  with  a  full  phase,  affords  great  facility  for  this  kind 
of  obserration. 

By  observing  the  permanent  lineaments  of  light  and  shade 
exhibited  by  the  disk,  its  rotation  on  its  axis  can  be  distinctly 
seen,  and  has  been  ascertained  to  take  place  in  24^  37™  10*, 
the  axis  on  which  it  revolves  appearing  to  be  inclined  to  the 
plane  of  the  planet's  orbit  at  an  angle  of  28''  27^  The  exact 
direction  of  the  axis  is,  however,  still  subject  to  some  uncer- 
tainty. 

2710.  Days  and  nights. — It  thus  appears  that  the  days  and 
nights  in  Mars  are  nearly  the  same  as  on  the  earth,  that  the 
year  is  diversified  by  seasons,  and  the  surface  of  the  planet  by 
zones  and  climates  not  yerj  different  from  those  which  prevail 
on  our  globe.  The  tropics,  instead  of  being  23''  28',  are  28*"  27^ 
from  the  equator,  and  the  polar  circles  are  in  the  same  pro- 
portion more  extended. 

2711.  Seasons  and  climates,  —  The  year  consists  of  668 
Martial  days  and  16  hours,  the  Martial  being  longer  than  the 
terrestrial  day  in  the  ratio  of  100  to  97. 

Owing  to  the  eccentricity  of  the  planet^s  orbit,  the  summer 
on  the  northern  hemisphere  is  shorter  than  on  the  southern  in 
the  ratio  of  100  to  79,  but  owing  to  the  greater  proximity  of 
the  sun,  the  intensity  of  its  light  and  heat  during  the  shorter 
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northern  summer  is  greater  than  during  the  longer  southern 
summer  in  the  ratio  of  145  to  100.  From  the  same  causes,  the 
longer  northern  winter  is  less  inclement  than  the  shorter 
southern  winter  in  the  same  proportion. 

There  is  thus  a  complete  compensation  in  both  seasons  in 
the  two  hemispheres. 

The  duration  of  the  seasons  in  Martial  days  in  the  northern 
hemisphere  is  as  follows:  —  spring  192,  summer  180,  autumn 
150,  winter  147. 

2712.  Observations  and  researches  of  Messrs.  Beer  and 
Madler.~^\t  is  mainlj  to  the  persevering  labours  of  these 
eminent  observers  that  we  are  indebted  for  all  the  physical 
information  we  possess  respecting  the  condition  of  the  sur- 
face of  this  planet.  Their  observations,  commenced  at  an 
early  epoch,  were  regularly  organised  at  the  time  of  tlie  oppo- 
sition of  1830,  with  a  view  to  ascertain  with  certainty  and 
precision  the  time  of  rotation  of  the  planet,  the  position  of  its 
axis,  and  so  fur  as  might  be  practicable  a  survey  of  its  surface. 
These  observations  have  been  continued  during  every  succeed- 
ing opposition,  in  which  the  planet  having  northern  declination 
rose  to  a  sufficient  altitude,  and  was  made  visible  by  a  teles- 
<iope  by  FraunhofPer  of  four  and  a  half  feet  focal  length,  paral- 
lactically  mounted,  and  moved  by  clockwork,  so  as  to  keep  the 
planet  in  the  field  of  view  notwithstanding  the  diurnal  motion 
of  the  earth.  With  this  instrument  they  were  enabled  to  use  a 
magnifying  power  of  300,  and  as  the  disk  of  the  planet  sub- 
tended in  1830  a  visual  angle  of  22",  it  was,  when  thus  mag- 
nified, viewed  under  an  angle  of  6600''  or  IW,  being  nearly 
four  times  the  apparent  diameter  of  the  moon. 

2713.  Areographic  character » — That  many  of  the  lineaments 
observed  are  areographic,  and  not  atmospheric,  is  established 
beyond  all  contestation  by  their  permanency.  They  are  not 
always  visible,  and  when  visible  not  always  equally  distinct ; 
but  are  observed  to  retain  the  same  forms,  no  matter  how 
distant  may  be  the  intervals  at  which  they  may  be  submitted  to 
examination.  The  elaborate  researches  and  observations  of 
MM.  Beer  and  Madler,  which  commenced  with  the  opposition 
of  1830,  were  continued  with  unwearied  assiduity  in  every 
succeeding  opposition  of  the  planet  for  twelve  years,  so  far  as 
the  varying  declination  and  the  state  of  the  weather  at  the 
epochs  of  the  oppositions  permitted.    The  same  spots,  cha- 
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racterised  by  the  same  forms,  and  the  same  varieties  of  lighf 
and  shade,  were  seen  again  and  again  in  each  succeeding  op* 
position.  Changes  of  appearance  were  manifest,  but  through 
those  changes  the  permanent  features  of  the  pUinet  were  always 
discerned ;  just  as  the  seas  and  continents  of  the  earth  may  be 
imagined  to  be  distinguishable  through  the  occasional  openings 
in  the  clouds  of  our  atmosphere  by  a  telescopic  obserrer  of 
Mars. 

27 1 4.  Telescopic  views  of  Mars — areographic  charts  qT  the 
two  hemispheres, — A  large  collection  of  drawings  of  the  various 
hemispheres  of  Mars  presented  to  the  observer  has  been  made 
by  MM.  Beer  and  Madler.  Thirty-five  were  made  during  the 
opposition  of  1830,  upwards  of  thirty  during  that  of  1837,  and 
forty  during  that  of  1841,  from  a  comparison  of  which  charts 
were  made,  showing  the  permanent  areographic  lineaments  of 
the  northern  and  southern  hemisphere. 

In  Plate  YIL  we  have  given  six  views,  selected  from  those 
of  Beer  and  Madler,  with  the  dates  subjoined.  In  Plate  YIII. 
are  given  the  areographic  charts  of  the  two  hemispheres.  It 
will  be  observed,  that  as  each  spot  approaches  the  edge  of 
the  disk  its  apparent  form  is  modified  by  the  effect  of  fore- 
shortening, owing  to  the  obliquity  of  the  surface  of  the  planet 
to  the  visual  ray. 

2715.  Polar  snow  observed. — All  the  lineaments  exhibited 
in  these  drawings  were  found  to  be  permanent,  except  the  re* 
markable  white  spots  which  cover  the  polar  r^ons.  These 
circular  areas  presented  the  appearance  of  a  dazzling  whiteness, 
and  one  of  them  was  so  exactly  defined  and  so  sharply  termi- 
nated, that  it  seemed  like  the  full  disk  of  a  small  and  very 
brilliant  planet  projected  upon  the  disk,  and  near  the  edge  of  a 
larger  and  darker  one.  The  appearance,  position,  and  changes 
of  these  white  polar  spots  have  suggested  to  all  the  observers 
who  have  witnessed  them,  the  supposition  that  they  proceed 
from  the  polar  snows  accumulated  during  the  long  winter,  and 
which,  during  the  equally  protracted  summer  by  exposure  to 
the  solar  rays,  moro  full  by  7^  degrees  than  at  the  poles  of  the 
earth,  are  partially  dissolved,  so  that  the  diameter  of  the  snow 
circle  is  diminished. 

The  increase  and  diminution  of  this  white  circle  takes  place 
at  epochs  and  in  positions  of  the  axis  of  the  planet,  such  as  are 
in  complete  accordance  with  this  supposition. 
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2716.  Position  of  areographic  meridians  determined, — The 
leg  and  foot-shaped  spot  marked  p  n  in  the  southern  hemisphere, 
was  distinctly  seen  and  delineated  in  all  the  oppositions.  This 
was  one  of  the  spots  from  the  apparent  motion  of  which  the 
time  of  rotation  was  deduced. 

The  spot  a  in  the  southern  hemisphere  connected  with  a  large 
adjacent  spot  by  a  sinuous  line,  was  also  one  of  those  whose 
position  was  most  satisfactorily  established.  This  spot  was 
selected  as  the  bbservatory  of  Greenwich  has  been  upon  the 
earth,  to  mark  the  meridian  from  which  longitudes  are  reckoned. 

The  spot  efhy  chiefly  situate  in  the  southern,  but  projecting 
into  the  northern  hemisphere  between  the  90th  and  105th 
degrees  of  longitude,  was  also  well  observed  on  repeated  oc- 
casions. 

According  to  Madler,  the  reddish  parts  of  the  disk  are  chiefly 
those  which  correspond  to  40°  long,  and  16^  lat.  S. 

The  two  concentric  dotted  circles  marked  round  the  south 
pole  indicate  the  limits  of  the  white  polar  spot  as  seen  on  dif- 
ferent occasions  in  1830  and  1837.  The  redness  of  this  planet 
is  much  more  remarkable  to  the  naked  eye  than  when  viewed 
with  the  telescope.  In  some  cases,  during  the  observations  of 
MM.  Beer  and  Madler,  no  redness  was  discoverable,  and 
when  it  was  perceived  it  was  so  faint  that  different  observers 
at  the  same  moment  were  not  agreed  as  to  its  existence.  It 
was  found  that  the  prevailing  colour  of  the  spots  was  generally 
yellow  rather  than  red. 

Independently  of  any  effect  which  could  be  ascribed  to  pro- 
jection or  foreshortening,  it  was  found  that  the  lineaments  were 
always  seen  with  much  greater  distinctness  near  the  centre  of 
the  disk  than  towards  its  borders.  This  is  precisely  the  effect 
which  might  be  expected  from  a  dense  atmosphere  surrounding 
the  planet. 

2717.  Possible  satellite  of  Mars, — Analogy  naturally  sug- 
gests the  probability  that  the  planet  Mars  might  have  a  moon. 
These  attendants  appear  to  be  supplied  to  the  planets  in  aug- 
mented numbers  as  they  recede  from  the  sun;  and  if  this 
analogy  were  complete,  it  would  justify  the  inference  that  Mars 
must  at  least  have  one,  being  more  remote  from  the  sun  than 
the  earth,  which  is  supplied  with  a  satellite.  No  moon  has  ever 
been  discovered  in  connection  with  Mars.  It  has,  however, 
been  contended  that  we  are  not  therefore  to  conclude  that  the 
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planet  is  destitute  of  sach  an  appendage ;  for  as  all  secondarj 
planets  are  much  lees  than  their  primaries,  and  as  Mars  is  by 
far  the  smallest  of  the  superior  planets,  its  satellite,  if  such 
existed,  must  be  extremely  small.  The  second  satellite  of 
Jupiter  is  only  the  forty-third  part  of  the  diameter  of  the  planet; 
and  a  satellite  which  would  only  be  the  forty-third  part  of  the 
diameter  of  Mars,  would  be  under  one  hundred  miles  in  diameter. 
Such  an  object  could  scarcely  be  discovered  even  by  powerful 
telescopes,  especially  if  it  do  not  recede  far  from  the  disk  of  the 
planet 

The  fact  that  one  of  the  satellites  of  Saturn  has  been  dis- 
covered only  within  the  last  few  years,  renders  it  not  altogethei^ 
improbable  that  a  satellite  of  Mars  may  yet  be  discovered. 


CHAP.  XIV. 

THE  PLANETOIDS. 


2718.  A  vacant  place  in  the  planetary  series,  — At  a  very 
early  epoch  in  the  progress  of  astronomy  it  was  observed  that 
the  progression  of  the  distances  of  the  planets  from  the  sun 
was  characterised  by  a  remarkable  numerical  harmony  in  which 
nevertheless  a  breach  of  continuity  existed  between  Mars  and 
Jupiter.  This  arithmetical  progression  was  first  loosely  noticed 
by  Kepler,  but  it  was  not  until  towards  the  close  of  the  last 
century  that  the  more  exact  conditions  of  the  law  and  the  close 
degree  of  approximation  with  which  it  was  fulfilled,  with  the 
exception  just  noticed,  was  fully  explained. 

This  numerical  relation  prevails  between  the  distances  of  the 
successive  orbits  of  the  other  planets  measured  from  that  of  the 
first  planet  Mercury.  It  was  observed  that  such  distances 
formed  very  nearly  a  series  in  duple  progression,  so  that  each 
distance  is  twice  the  preceding  one,  with  the  sole  exception 
already  mentioned.  Although  this  law  is  not  fulfilled  like  those 
of  Kepler,  with  numerical  precision,  there  is  nevertheless  so 
striking  an  approximation  to  it  as  to  produce  a  strong  impression 
that  it  must  be  founded  upon  some  physical  cause  and  not 
merely  accidental     To  show  the  near  approximation  to  its 
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exact  fulfilment  we  have  placed  in  the  following  tahle  the  suc- 
cession of  calculated  distances  from  Mercury's  orbit,  which  will 
exactly  fulfil  it  in  juxtaposition  with  the  actual  distances  of  the 
planets,  the  earth's  distance  from  the  sun  being  the  unit. 


CaleiilMtd  OtaUDOt  from  MarcwT. 

Venus 

0*3369 

0*3362 

Earth 

O-OTW 

0*6129 

Mars 

1*3448 

1-1366 

Absent  planet 

y6896 

JupltiT 

6-3792 

4-8157 

Sattmi          -          .          - 

10^684 

9-1517 

Uranus 

21-5168 

18*7953 

By  comparing  these  numbers  it  will  be  apparent  that  although 
the  succession  of  distances  does  not  correspond  precisely  with 
a  numerical  series  in  duple  progression,  there  is  nevertheless 
a  certain  approach  to  such  a  series,  and  at  all  events  a  glaring 
breach  of  continuity  between  Mars  and  Jupiter. 

Towards  the  close  of  the  last  century,  professor  Bode  of 
Berlin  revived  this  question  of  a  deficient  planet,  and  gave  the 
numerical  progression  which  indicated  its  absence  in  the  form 
in  which  it  has  just  been  stated ;  and  an  association  <^  astro- 
nomers was  formed  under  the  auspices  of  the  celebrated  Baron 
de  Zach  of  Grotha,  for  the  express  purpose  of  organising  and 
prosecuting  a  course  of  observation,  with  the  special  purpose  of 
searching  for  the  supposed  undiscovered  member  of  the  solar 
system.  The  very  remarkable  results  which  have  followed  this 
measure,  the  consequences  of  which  have  not  even  yet  been 
fully  developed,  will  presently  be  apparent. 

2719.  Discovery  of  Ceres.— On  the  first  day  of  the  present 
century,  Professor  Piazzi  observing  in  the  fine  serene  sky  of 
Palermo,  noticed  a  small  star  of  about  the  7th  or  8th  magnitude 
which  was  not  registered  in  the  catalogues.  On  the  night  of  the 
2nd  again  observing  it,  he  found  that  its  position  relative  to 
the  surrounding  stars  was  sensibly  changed.  The  object  ap- 
pearing to  be  invested  with  a  nebulous  haze  he  took  it  at  first 
for  a  comet,  and  announced  it  as  such  to  the  scientific  world. 
Its  orbit  being  however  computed  by  Professor  Gauss,  of 
Gottingen,  it  was  found  to  have  a  period  of  1652  days,  and  a 
mean  distance  from  the  sun  expressed  by  2*735,  that  of  the 
earth  being  1. 

By  comparing  this  distance  with  that  given  in  the  preceding 
table  at  which  a  planet  was  presumed  to  be  absent,  it  will  be 
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seen  that  the  object  thus  discoyered  filled  the  place  with  striking 
arithmetical  precision. 

Piazzi  gave  to  this  new  member  of  the  system  the  name 
Ceres. 

2720.  Discovery  of  Pallas.  —  Soon  after  the  discovery  of 
Ceres  the  planet  passing  into  conjunction  ceased  to  be  visible. 
In  searching  for  it  after  emerging  from  the  sun's  rays  in  March 
1802,  Dr.  Olbers  noticed  on  the  28th  a  smaU  star  in  the  con- 
stellation of  Virgo,  at  a  place  which  he  had  examined  in  the 
two  preceding  months,  and  where  he  knew  that  no  such  object 
was  then  apparent  It  appeared  as  a  star  of  the  seventh  mag- 
nitude, the  smallest  which  is  visible  without  a  telescope.  In 
the  course  of  a  few  hours  he  found  its  position  visibly  changed 
in  relation  to  the  surrounding  stars.  In  fine  the  object  proved, 
to  be  another  planet  bearing  a  striking  analogy  to  Ceres,  and 
what  was  then  totally  unprecedented  in  the  system,  moving  in 
an  orbit  at  very  nearly  the  same  mean  distance  from  the  sun, 
and  having  therefore  nearly  the  same  period. 

Dr.  Olbers  called  this  phinet  Pallas. 

2721.  Olber^  hypothesis  of  a  fractured  planet  —  This  cir- 
cumstance, combined  with  the  exceptional  minuteness  of  these 
two  planets,  suggested  to  Olbers  the  startling,  and  then,  as  it 
must  have  appeared,  extravagantly  improbable  hypothesis,  that 
a  single  planet  of  the  ordinary  magnitude  existed  formerly  at 
the  distance  indicated  by  Bode's  analogy,  —  that  it  was  broken 
into  small  fragments  either  by  internal  explosion  from  some 
cause  analogous  to  volcanic  action,  or  by  collision  with  a  comet, 
— that  Ceres  and  PalUis  were  two  of  its  fragments,  and  in  fine, 
that  it  was  very  likely  that  many  other  fragments,  smaller  still, 
were  revolving  in  similar  orbits,  many  of  which  might  reward 
the  labour  of  future  observers  who  might  direct  their  attention 
to  these  regions  of  the  firmament. 

In  support  of  this  curious  conjecture  it  was  urged  that  in  the 
case  of  such  a  catastrophe  as  was  involved  in  the  supposition 
the  fragments,  according  to  the  established  laws  of  physics, 
would  necessarily  continue  to  revolve  in  orbits  not  difiering 
much  in  their  mean  distances  from  that  of  the  original  planet ; 
that  the  obliquities  of  the  orbits  to  each  other  and  to  that  of 
the  original  planet  might  be  subject  to  a  wider  limit ;  that  the 
eccentricities  might  also  have  exceptional  magnitudes ;  and, 
finally,  that  such  bodies  might  be  expected  to  have  magnitudes 
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80  indefinitely  minute  as  to  be  out  of  all  analogy  or  comparison, 
not  only  with  the  other  primary  planets,  but  even  with  the 
smallest  of  the  secondary  ones. 

Ceres  and  Pallas  both  were  so  small  as  to  elude  all  attempts 
to  estimate  their  diameters,  real  or  apparent.  They  appeared 
like  stellar  points  with  no  appreciable  disk^  but  surrounded  with 
a  nebulous  haziness,  which  would  have  rendered  very  uncertain 
any  measurement  of  an  object  so  minute.  Sir  W.  Herschel 
thought  that  Pallas  did  not  exceed  75  miles  in  diameter.  Others 
have  admitted  that  it  might  measure  a  few  hundred  miles. 
Ceres  is  still  smaller. 

The  obliquity  of  the  orbit  of  Ceres  to  the  plane  of  the  ecliptic 
is  above  10^^  and  that  of  Pallas  more  than  34^^.  Both  planets 
therefore  when  most  remote  from  the  ecliptic  pass  far  beyond 
the  limits  of  the  zodiac,  and  differ  in  obliquity  from  each  other 
hy  a  quantity  far  exceeding  the  entire  inclmation  of  any  of  the 
older  planets. 

It  was  further  observed  by  Dr.  Olbers,  that  at  a  point  near 
the  descending  node  of  Pallas  the  orbits  of  the  two  planets  very 
nearly  coincided. 

Thus  it  appeared  that  all  the  conditions  which  rendered  these 
bodies  exceptional,  and  in  which  they  differed  from  the  other 
members  of  the  solar  system,  were  precisely  those  which  were 
consistent  with  the  hypothesis  of  their  origin  advanced  by 
Dr.  Olbers. 

2722.  Discovery  of  Juno. — ^A  year  and  a  half  elapsed  before 
any  further  discovery  was  produced  to  favour  this  hypothesis. 
Meanwhile  observers  did  not  relax  their  zeal  and  their  labours, 
and  on  Sept  1.  1804,  at  ten  o'clock  p.  m.,  Professor  Harding,  of 
Lilienthal,  discovered  another  minute  planet,  which  observation 
soon  proved  to  agree  in  all  its  essential  conditions  with  the 
hypothesis  of  Olbers,  having  a  mean  distance  very  nearly  equal 
to  those  of  Ceres  and  Pallas,  an  exceptional  obliquity  of  13^, 
and  a  considerable  eccentricity. 

This  planet  was  named  Juno. 

Juno  has  the  appearance  of  a  star  of  the  8th  magnitude,  and 
a  reddish  colour.  It  was  discovered  with  a  very  ordinary  tele- 
scope of  30  inches  focal  length  and  2  inches  aperture. 

2723.  Discovery  of  Vesia. —  On  the  29th  of  March,  1807, 
Dr.  Olbers  discovered  another  planet  under  circumstances  pre- 
cisely similar  to  those  already  Elated  in  the  cases  of  the  former 
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discoveries.  The  name  Vesta  was  given  to  this  planet,  which, 
in  its  minute  magnitude  and  the  character  of  its  orbit,  was 
analogous  to  Cere«,  Pallas,  and  Juno. 

Vesta  is  the  brightest  and  apparently  the  largest  of  all  this 
group  of  planets,  and  when  in  opposition  may  be  sometimes 
distinguished  by  good  and  practised  eyes  without  a  telescope. 
Observers  differ  in  their  impressions  of  the  colour  of  this  planet. 
Harding  and  other  German  observers  consider  her  to  be  red- 
dish; others  contend  that  she  is  perfectly  white.  Mr.  Hind  says 
that  he  has  repeatedly  examined  her  under  various  powers,  and 
always  received  the  impression  of  a  pale  yellowish  cast  in  her 
light. 

2724.  Discovery  of  the  other  Planetoids.  —  The  labours  of 
the  observers  of  the  b^inning  of  the  century  having  been  now 
prosecuted  for  some  years  without  further  results  were  discon- 
tinued, and  it  is  probable  that  but  for  the  admirable  charts  of 
the  stars  which  have  been  since  published,  no  other  members  of 
this  remarkable  group  of  planets  would  have  been  discovered. 
These,  however,  containing  all  the  stars  up  to  the  9th  or  10th 
magnitude,  included  within  a  zone  of  the  firmament  30^  in 
width,  extending  to  15^  on  each  side  of  the  celestial  equator, 
supplied  so  important  and  obvious  an  instrument  of  research, 
that  the  subject  was  again  resumed  with  a  better  prospect  of 
successful  results.  It  was  only  necessary  for  the  observer, 
map  in  hand,  to  examine,  degree  by  degree,  the  zone  within 
which  such  bodies  are  known  to  move,  and  to  compare  star  by 
star  the  heavens  with  the  map.  When  a  star  is  observed  which 
is  not  marked  on  the  map,  it  is  watched  from  hour  to  hour,  and 
from  night  to  night.  If  it  do  not  change  its  position  it  must  be 
inferred  that  it  has  been  omitted  in  the  construction  of  the 
map,  and  it  is  marked  upon  it  in  its  proper  place.  If  it  change 
its  position  it  must  be  inferred  to  be  a  planet,  and  its  orbit  is 
soon  calculated  from  its  observed  changes  of  position. 

By  these  means  M.  Henke,  an  amateur  observer  of  Dreissen 
in  Prussia,  discovered  on  the  8th  December,  1845,  another  of 
the  small  planets,  which  has  been  named  Astrs&a. 

Since  that  time  the  progress  of  planetary  discovery  in  the 
same  region  has  advanced  with  extraordinary  rapidity.  Three 
planets  were  discovered  in  1847,  one  in  1848,  one  in  1849, 
three  in  1850,  two  in  1851,  and  in  fine,  not  less  than  eight 
in  1852. 
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In  their  exceptional  minateness  of  volume,  their  mean  dis- 
tancea  from  the  sun,  and  the  very  variable  obliquities  and 
eccentricities  of  their  orbits,  thej  all  resemble  the  first  four 
discovered  in  the  beginning  of  the  centurj,  and  are  therefore 
in  complete  accordance  with  the  conditions  mentioned  in  the 
curious  hypothesis  of  01ber*s  above  stated. 

In  the  following  table  is  given  a  complete  list  of  the  planetoids 
discovered  up  to  the  close  of  the  last  year  (1852),  with  the 
dates  of  their  discovery,  and  the  names  of  their  discoverers. 

The  planet  discovered  by  M.  Gasparis,  on  the  17th  of  March, 
1852,  was  observed  by  that  astronomer  at  the  Naples  Observa- 
tory, on  the  17th,  J  9th,  and  20th  March.  It  appeared  as  a  star 
of  the  lOth  or  11th  magnitude.  The  observations  were  pub- 
lished in  the  **  Comptes  Rendus  "  of  the  Academy  of  Sciences, 
Paris,  tome  xxxiv.  p.  632. 

The  planet  discovered  by  M.  Luther  was  observed  by  that 
astronomer  at  Bilk  near  Dusseldorf,  on  the  17th  April,  and 
again  by  M.  Argelander,  on  the  22d  April,  at  Bonn.  The 
observations  were  published  in  the  *'  Ck>mptes  Rendus"  of  the 
Paris  Academy,  tome  xxxiv.  p.  647. 

2725.  Table  showing  the  number  of  Planetoids  discovered 
before  1st  January ^  1853,  the  names  conferred  upon  them^ 
their  discoverers^  and  the  dates  of  their  discovery. 


Nam*. 

DtorovOTvr. 

Wbm  diwev««d. 

PlMwcfObMrratlea. 

1 

Cere*. 

Piaxtl. 

Jan.  1.  1801. 

Palermo. 

9 

PallM. 

Olbert, 

March  2H.  1902. 

Bremen. 

S 

Juno. 

Harding. 

Sept.  1.  1804 

Ltlienthal. 

4 

VesU, 

Gibers. 

March  29.  1807. 

Bremen. 

ft 

AfftrKJU 

Henke. 

Dec.  8.  1815. 

Dreissen  (Prussia). 

6 

Hebe. 

Henke. 

July  1.  1847. 

Dreissen. 

7 

Irlt. 

Hind. 

Aug.  13.  1847. 

London. 

8 

Flora. 

Hind. 

Oct.  18.  1847. 

London. 

9 

Metis. 

Graham. 

April  25.  1848. 

Markree(IreUnd). 

10 

Hyireia. 

De  Gasparli. 

April  12.  1849. 

Naples. 

11 

Prtrthenope. 

De  Gasparis. 

May  11.  IHAO. 

Naples. 

12 

Victoria      (called 
Clio  by  American 
astronomtrs). 

Hind. 

Sept.  It.  1850. 

London. 

13 

Egeria. 

De  Gasparis. 

Not.  2.  I8S0. 

Naples. 

14 

Irene  « 

Hind. 

May  19. 1851. 

L^niion. 

lA 

Eunomia. 

De  GHSparis. 

July  29.  1851. 

Naples. 

16 

Pytche. 
Theili. 

De  GasparU. 

March  17.  1852. 

N»ples. 
Bilk(Dutkeldorr). 

17 

Luther. 

April  17.  1H52. 

18 

Hind. 

June  24.  1852. 

London. 

19 

Fortuna. 

Hind. 

Aug.  22.  18ft2. 

London. 

20 

Massalia. 

Chaconmc. 

Sept  20.  1852. 

Marseilles. 

81 

Liiteila. 

Goldschmlt. 

Not.  16.  1852. 

Paris. 

22 

Calliope. 

Hind. 

Not.  16.  1852. 

Lond  ^n. 

23 

Thalia. 

Hind. 

Dec.  15.  1852. 

I^ondon. 

*  This  planet  was  discorered  by  M.  de  Gasparis  four  days  later,  at  Naples,  before  that 
astronomer  bad  recelTed  the  information  of  the  discoTery  of  Mr.  Hind. 
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2726.  The  discovery  of  these  mainly  due  to  amateur  cuiro- 
nomers. — Dr.  Olbers  was  a  practitioner  in  medicine,  Messrs* 
Henke,  Luther,  and  Groldschmit  amateur  observers,  Mr.  Hind 
has  been  engaged  in  the  private  observatory  of  Mr.  Bishop,  in 
the  Regent's  Park,  and  Mr.  Graham  in  that  of  Mr.  Cooper,  at 
Markree,  in  the  county  of  Sligo,  in  Ireland.  It  appears,  there- 
fore, that  of  these  twenty-three  members  of  the  solar  system  the 
scientific  world  owes  no  less  than  fourteen  to  amateur  astro- 
nomers, and  observatories  erected  and  maintained  by  private 
individuals,  totally  unconnected  with  any  national  or  public 
establishments,  and  receiving  no  aid  or  support  from  the  state* 
Mr.  Hind  has  obtained  for  himself  the  honourable  distinction 
which  must  attach  to  the  discoverer  of  eight  of  these  bodies. 
Five  are  due  to  M.  de  Gasparis,  assistant  astronomer  at  the 
Royal  Observatory  at  Naples. 

M.  Hermann  Goldschmit  is  an  historical  painter,  a  native  of 
Francfort  on  the  Maine,  but  resident  for  the  last  eighteen  years 
in  Paris.  He  discovered  the  planet  with  a  small  ordinary  teles- 
cope, placed  in  the  balcony  of  his  apartment,  No.  12.  rue  de 
Seine,  in  the  Faubourg  St.  Germain. 

2727.  Their  remarkable  accordance  with  Dr.  OJberi  hypo^ 
thesis, — The  orbits  of  several  of  those  observed  in  1852  have 
not  yet  been  calculated,  but  all  those  which  have  been  com- 
puted are  comprised  between  the  mean  distances  2*2  and  3*2, 
that  to  the  earth  being  lO.  The  magnitudes  of  all  of  these 
bodies,  with  one  or  two  exceptions,  are  too  minute  to  be  ascer- 
tained by  any  means  of  measurement  hitherto  discovered,  and 
may  be  inferred  with  greiit  probability  not  to  exceed  100  miles 
in  diameter.  The  largest  of  the  group  is  probably  less  than 
500  miles  in  diameter.  It  cannot  fail,  therefore,  to  be  observed 
in  how  remarkable  a  manner  they  conform  to  the  conditions 
involved  in  the  hypothesis  of  Dr.  Olbers. 

2728.  Force  of  gravity  on  the  planetoids, — From  the  minute- 
ness of  their  masses,  the  force  of  gravity  on  the  surfaces  of 
these  bodies  must  be  very  inconsiderable,  and  this  would  account 
for  a  much  greater  altitude  of  their  atmospheres  than  is  ob- 
served on  the  larger  planets,  since  the  same  volume  of  air  feebly 
attracted  would  dilate  into  a  volume  comparatively  enormous. 
Muscular  power  would  be  more  efficacious  on  them  in  the  same 
proportion.  Thus  a  man  might  spring  upwards  sixty  or  eighty 
perpendicular  feet,  and   return   to  the  ground  sustaining  no 
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greater  shock  than  would  be  felt  upon  the  earth  in  descending 
from  the  height  of  two  or  three  feet.  **  On  such  planets,*^ 
observes  Herschel,  ''giants  might  exist,  and  those  enormous 
animals  which  on  earth  require  the  buoyant  power  of  water  to 
counteract  their  weight.** 


CHAP.  XV. 

THE  IfAJOB  PLAN£TS. 
I.   JUPITEK. 


2729.  Jovian  system, — Passing  across  the  wide  space  which 
lies  beyond  the  range  of  the  three  planets  which,  with  the  earth, 
revolve  as  it  were  under  the  wing  of  the  sun, — a  space  which 
was  regarded  as  an  anomalous  desert  in  the  planetary  regions 
until  contemporary  explorers  found  there  what  seem  to  be  the 
ruins  of  a  shattered  world, — we  arrive  at  the  theatre  of  other 
and  more  stupendous  cosmical  phenomena.  The  succession  of 
planets,  broken  by  the  absence  of  one  in  the  place  occupied  by 
the  planetoids,  is  resumed,  and  four  orbs  are  found  constructed 
upon  a  comparatively  Titanic  scale,  each  attended  by  a  splendid 
system  of  moons  presenting  a  miniature  of  the  solar  system 
itself,  and  revolving  round  the  common  centre  of  light,  heat,  and 
attraction,  at  distances  which  almost  confound  the  imagination. 

2730.  Period.  —  The  synodic  period  of  Jupiter  is  ascertained 
by  observation  to  be  398  days.  Hence  to  obtain  its  periodic 
time  p,  we  have  (2589) 

J, ^1 l^  _        1 

p         365-25         398         43326 

The  period  is  therefore  4332*6  days,  or  11-86  years. 

273 1.  Heliocentric  and  Synodic  motions. — The  daily  angular 
heliocentric  motion  of  Jupiter  is  therefore 

-^  =  0-O83  =  5'. 
4333 

The  mean  angle  gained  daily  by  the  earth  or  sun  upon  Jupiter^ 
is  therefore 

0^-9856—  0^-083  =  0°-9026  =  54'-156. 
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2732.  Distance. — The  distance  of  Jupiter  from  the  sun  may 
be  computed  by  means  of  the  Harmonic  Law  (262l\  the  period 
being  known.     This  method  gires 

(11-83)2  =  (5-2028)». 

The  mean  distance  of  Jupiter  from  the  sun  is  therefore  5^  times 
that  of  the  earth,  and  since  the  earth's  mean  distance  is  95  mil- 
lions of  miles,  that  of  Jupiter  must  be  494  millions  of  miles. 

The  eccentricity  of  Jupiter's  orbit  being  0*048,  this  distance 
is  liable  to  variation,  being  augmented  in  aphelion  and  dimi- 
nished in  perihelion  by  24  millions  of  miles.  The  greatest  dis- 
tance of  the  planet  from  the  sun  is  therefore  518,  and  the  least 
470,  millions  of  miles. 

The  small  eccentricity  of  the  orbit  of  this  planet,  combined 
with  its  small  inclination  to  the  plane  of  the  ecliptic,  is  of  great 
importance  in  its  effect  in  limiting  the  disturbances  consequent 
upon  its  mass,  which,  as  will  hereafter  appear,  is  greater  than 
the  aggregate  of  the  masses  of  all  the  other  planets  primary  and 
secondary  taken  together.  If  the  orbit  of  Jupiter  had  an  eccen- 
tricity and  inclination  as  considerable  as  those  of  the  planet 
Juno,  the  perturbations  produced  by  his  mass  upon  the  motions 
of  the  other  bodies  of  the  system,  would  be  twenty-seven  times 
greater  than  they  are  with  its  present  small  eccentricity  and 
inclination. 

2733.  Relative  scale  of  the  orbits  of  Jupiter  and  the  Earth,  — 
The  relative  magnitudes  of  the  distances  of  Jupiter  and  the 
earth  from  the  sun,  and  the  apparent  magnitude  of  the  orbit  of 
the  earth  as  seen  from  Jupiter,  are  represented  in  fig,  752., 
where  the  planet  is  at  J,  the  sun  at  s,  and  the  orbit  of  the  earth 

The  direction  of  the  orbital  motions  being  represented  by 
the  arrows,  it  will  be  evident  that  when  the  earth  is  at  b  the 
planet  is  in  opposition,  at  b'^'  in  conjunction,  at  E'in  quadrature 
west,  and  at  s"  in  quadrature  east  of  the  sun. 

2734.  Annual  parallax  of  Jupiter. — To  determine  the  angle 
sje',  which  the  semi-diameter  of  the  earth's  orbit  subtends 
at  Jupiter,  or  the  annual  parallax  of  the  planet,  it  may  be 
assumed  without  material  inexactness  that  sb'  is  nearly  equal 
to  an  arc  described  with  j  as  centre,  and  s  j  as  radius,  and  con- 
sequently (2294) 
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Fig.  752. 
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The  annual  paraHax  of  Jupiter  is  therefore  11%  and  oonae* 
quentlj  the  orbit  of  the  earth  subtends  at  the  planet  an  angle 
of  22^. 

2735.  Variation  of  distance  from  the  earth,  —  Since  the 
greatest  and  least  distances  J£'''  and  je  of  Jupiter  from  the 
earth  are  the  sum  and  difference  of  the  distances  of  the  planet 
and  earth  from  the  sun,  we  shall  have 

jb''' -  494  +  95  -  589  minions  of  miles. 
jB  »  494 — 95  8 399  mfllioiiB  of  miles. 
jb'-  V(494*-95*)-4S5  miUicms  of  mOeS. 

The  extreme  distances  of  the  planet  are  therefore  in  the  ratio 
of  6  to  5  nearly* 

By  the  ellipticitj  of  the  earth's  orbit,  the  distances  at  opposi- 
tion and  conjunction  may  be  increased  or  diminished  by  l^  mil- 
lion of  miles,  and  by  that  of  the  planet's  orbit  by  24  millions  of 
miles.  From  both  causes  combined  they  may  vary  from  their 
mean  values  more  or  less  by  25^  millions  of  miles. 

2736.  Its  prodigious  orbital  velocity, — The  velocities  with 
which  the  planets  move  through  space  in  their  circumsolar 
courses  are  on  the  same  prodigious  scale  as  their  distances  and 
magnitudes.  It  is  impossible,  by  the  mere  numerical  expression 
of  these  enormous  magnitudes  and  motions,  to  acquire  any  tole- 
rably dear  or  distinct  notion  of  them.  A  cannon  ball  moving 
at  the  rate  of  500  miles  an  hour,  would  take  nearly  a  century 
to  come  from  Jupiter  to  the  earth,  even  when  the  planet  is 
nearest  to  us,  and  a  steam-engine  moving  on  a  railway  at  50 
miles  an  hour  would  take  nine  centuries  to  perform  the  same 
trip. 

Taking  the  diameter  of  Jupiter's  orbit  at  1000  millions  of 
miles,  its  circumference  is  above  3000  millions  of  miles,  which 
it  moves  over  in  4333  days.  The  distance  it  travels  is,  there- 
fore, 700,000  miles  per  day,  80,000  per  hour,  500  per  minute, 
and  8^  per  second, — a  speed  sixty  times  greater  than  that  of  a 
cannon  balL 

2737.  Intervals  between  opposition^  conjunction^  and  qua' 
drature, — If  the  distance  of  the  planet  from  the  sun  bore  an 
indefinitely  great  ratio  to  that  of  the  earth,  the  quadratures 
Mould  divide  the  semi-synodic  period  into  parts  precisely  equal, 
for  in  that  case  J  e^  and  j  e^'  would  be  practically  parallel,  and 
the  bent  line  e^se'^  would  become  straight,  and  would  be  a 
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diameter  of  the  earth's  orbit.  Although  this  is  not  the  case; 
the  angle  formed  bj  S£^  and  se^^  being  less  than  180''  by  the 
magnitude  of  the  angle  e'  s  e^^  only,  the  intervals  into  which 
the  semi-synodic  period  is  divided  are  not  very  unequal. 

We  shall  have  the  angle  e'8e"=  180**  — 22°=rl58°,  and  it 
is  evident  that  the  time  of  gaining  this  angle  will  bear  the  same 
proportion  to  the  Sjrnodic  period  which  the  angle  itself  bears  to 
360"^.  Hence,  it  follows,  that  if  t  express  the  interval  from  the 
quadrature  west  to  the  quadrature  east,  and  ^  the  interval  from 
the  quadrature  east  to  the  quadrature  west,  we  shall  have 

158 
/  =  ggg  X  398  =  174J  days 

202 
<^  =  g^  X  398  =  223^  days. 

it  follows,  therefore,  that  the  interval  between  opposition 
and  quadrature  is  87^  days,  and  the  interval  between  con- 
junction and  quadrature  is  11  If  days. 

These  are  mean  values  of  the  intervals  which  are  subject  to 
variation  owing  to  the  eccentricities  of  the  orbits  of  the  earth 
and  planet. 

2738.  Jupiter  has  no  sensible  phases. — The  mere  inspection 
of  the  diagram,  Jig,  748.,  will  show  that  this  planet  cannot  bq 
sensibly  gibbous  in  any  position.  The  position  in  which  the 
enlightened  hemisphere  is  in  view  most  obliquely  is  when  the 
earth  is  at  W  or  e^',  and  the  planet  consequently  in  quadrature, 
and  even  then  the  centre  of  the  visible  hemisphere  is  only 
IP  distant  from  the  centre  of  the  enlightened  hemisphere 
(2734). 

2739.  Appearance  in  the  firmament  at  night. —  Since  be- 
tween quadrature  and  opposition  the  planet  is  above  the 
horizon  during  the  greater  part  of  the  night,  and  appears  with 
a  full  phase,  it  is  thus  favourably  placed  for  observation  during 
6  months  in  13  months. 

2740.  Stations  and  retrogression.  —  From  a  comparison  of 
the  orbital  motions  and  distance  of  Jupiter  and  the  earth  i^ 
appears  that  the  planet  is  stationary  at  about  two  months 
biefore  and  two  months  after  opposition;  and  since  the  earth 
gains  upon  the  planet  at  the  daily  rate  of  0^**907,  the  angle  it 
gains  in  two  months  must  be 

0*'-907x61=54°-43. 
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The  angular  distance  of  the  points  of  station  from  opposition,  , 
as  seen  from  the  sun,  is  therefore  about  54%  which  corresponds 
to  an  elongation  of  1 14*'. 

The  planet  is  therefore  stationary  at  about  66°  on  each  side 
of  its  opposition. 

Its  arc  of  retrogression  is  a  little  less  than  10%  and  the  time 
of  describing  it  varies  from  117  to  123  days. 

2741.  Apparent  and  real  diameters, — The  apparent  diameter 
of  Jupiter  when  in  opposition  varies  from  42"  to  48",  according 
to  the  relative  positions  of  the  planet  and  the  earth  in  their 
elliptic  orbits.  At  its  mean  opposition  distance  from  the  earth 
its  apparent  magnitude  is  46'^  In  conjunction  the  mean  ap* 
parent  diameter  is  30",  its  value  at  the  mean  distance  from  the 
earth  being  37 V'- 

At  the  distance  of  399  millions  of  miles  the  linear  value  of 
r'is 

399000000      ,^„,     ., 
206265     =^93-t  miles, 

and  consequently,  the  planet's  diameter  d'  will  be 

d'  =  1934  X  45  =  87030  miles. 
According  to  more  accurate  methods,   the  mean  diameter  is 
ascertained  to  be  88640  miles.     The  diameter  of  Jupiter  is 
therefore  11*18  times  that  of  the  earth. 

2742.  Jupiter  a  conspicuous  object  in  the  firmament —  rela- 
tive splendour  of  Jupiter  and  Mars.  —  Although  the  apparent 
magnitude  of  Jupiter  is  less  than  that  of  Venus,  the  former  is 
a  more  conspicuous  and  more  easily  observable  object,  inas- 
much as  when  in  opposition  it  is  in  the  meridian  at  midnight, 
and  when  its  opposition  takes  place  in  winter  it  passes  the 
meridian  at  an  altitude  nearly  equal  to  that  which  the  sun  has 
at  the  summer  solstice.  By  reason,  therefore,  of  this  circum- 
stance, and  the  complete  absence  of  all  solar  light,  the  splendour 
of  the  planet  is  very  great,  whereas  Venus,  even  at  the  greatest 
elongation,  descends  near  the  horizon  before  the  entire  cessation 
of  twilight. 

The  apparent  splendour  of  a  planet  depends  conjointly  on 
the  apparent  area  of  its  disk,  and  tlie  intensity  of  the  illumi- 
nation of  its  surface.  The  area  of  the  disk  is  proportional  to 
the  square  of  its  apparent  diameter,  and  the  illumination  of  the 
surface  depends  conjointly  on  the  intensity  of  the  sun's  light  at 
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the  planet,  and  the  reflecting  power  of  the  surface.  On  com. 
paring  Mars  with  Jupiter,  we  find  the  apparent  splendour  of 
the  latter  planet  much  greater  than  it  ought  to  be,  as  compared 
with  the  former,  if  the  reflecting  power  of  these  surfaces  were 
the  same,  and  are  consequently  compelled  to  conclude  that  the 
surface  of  Mara  is  endowed  with  some  physical  quality,  in 
virtue  of  which  it  absorbs  much  more  of  the  solar  light  incident 
upon  it  than  that  of  Jupiter  does.  When  the  apparent  diameter 
of  the  l^ter  ia  twin  that  of  the  former,  its  apparent  area  is 
fourfold  that  of  the  former.  Bat  the  intensity  of  the  solar  light 
at  Jupiter  is  at  the  same  time  about  thirteen  times  less  than  at 
Mars ;  and  if  the  reflective  power  of  the  surfaces  were  equal, 
the  apparent  splendour  of  Mars  would  be  more  than  three  times 
that  of  Jupiter.  The  reflective  power  must,  therefore,  be  less 
in  a  sufficient  proportion  to  explain  the  inferior  splendour  of 
Mars,  unless,  indeed,  the  very  improbable  supposition  be  ad* 
mitted  that  there  may  be  a  savrce  of  light  in  Jupiter  inde- 
pendent of  solar  iSaansatioo. 

2743.  Smfine  and  vrfhtme.  — If  s  and  t  be  llie  surface  and 
.  volume  of  the  earth,  s^  and  v^  being  those  of  Jupiter,  we  shall 

^*''^  8'=  125  X  s        V=  1397-4  x  v. 

The  surface  of  Jupiter  is  therefore  above  125  times,  and  its 
volume  about  1400  times,  those  of  the  earth. 

To  produce  a  globe  such  as  that  of  Jupiter  it  would  be 
necessary  to  mould  into  a  single  globe  1400  globes  like  that  of 
the  earth. 

The  relative  magnitudes  of  the  globes  of  Jupiter  and  the 
earth  are  represented  in^<^.  753.  by  J  and  s. 


Pig.  75S. 
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2744.  Solar  light  and  heat. — The  mean  distance  of  Jupiter 
from  the  sun  being  5*2  times  that  of  the  earth,  the  apparent 
diameter  of  the  sun  to  the  inhabitants  of  that  planet  will  be 
less  than  its  apparent  diameter  at  the  earth  in  the  proportion 
of  6*2  to  1.  The  relative  apparent  magnitudes  of  the  disk  of 
the  sun  at  Jupiter  and  at  the  earth  are  represented  in  Jig.  754. 
at  E  and  J. 


Fig.  754. 

The  density  of  solar  radiation  being  in  the  exact  proportion 
of  the  apparent  superficial  magnitudes  of  the  disks,  the  illu« 
minating  and  heating  powers  of  the  sun  will,  ceteris  paribus, 
be  less  in  the  same  proportion  at  Jupiter  than  at  the  earth. 

As  has  been  already  observed,  however,  this  diminished 
power  as  well  of  illumination  as  of  warmth,  may  be  compensated 
by  other  physical  provisions. 

2746.  Rotation  and  direction  of  the  axis — Although  the 
lineaments  of  light  and  shade  on  Jupiter's  disk  are  generally 
subject  to  variations,  which  prove  them  to  be,  for  the  most  part, 
atmospheric,  nevertheless  permanent  marks  have  been  occa- 
sionally seen,  by  means  of  which  the  diurnal  rotation  and  the 
direction  of  the  axis  have  been  ascertained  within  very  minute 
limits  of  error.  The  earlier  observers,  whose  instruments  were 
imperfect,  and  observations  consequently  inaccurate  compara- 
tively with  those  of  more  recent  date,  ascertained  nevertheless 
the  period  of  rotation  with  a  degree  of  approximation  to  the 
results  of  the  most  elaborate  observations  of  the  present  day, 
which  is  truly  surprising,  as  may  appear  by  the  following 
Statement  of  the  estimates  of  various  astronomers :  —> - 
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Cassini  (1665)  -  -  «  - 

Silyabelle  •  -  -  • 

Schroter  (1786)  ,  -  . 

Aiiy     -  -  -  -  - 

Madler  (1835)  .  .  -  -  . 

The  estimate  of  Professor  Airy  is  based  upon  a  set  of  obser- 
vations made  at  the  Cambridge  Observatory.  That  of  Madler 
is  founded  upon  a  series  of  observations,  commencing  on  the 
3rd  of  November,  1834,  and  continued  upon  every  clear  night 
until  April,  1835,  during  which  interval  the  planet  made  400 
revolutions.  These  observations  were  favoured  by  the  presence 
of  two  remarkable  spots  near  the  equator  of  the  planet,  which 
retained  their  position  unaltered  for  several  months.  The  pe- 
riod was  determined  by  observing  the  moments  at  which  the 
centres  of  the  spots  arrived  at  the  middle  of  the  disk. 

The  direction  of  the  apparent  motion  of  the  spots  gave  the 
position  of  the  equator,  and  consequently  of  the  axis,  which  is 
inclined  to  the  plane  of  the  planet's  orbit  at  an  angle  of  3^  6^ 

The  length  of  the  Jovian  day  is  therefore  less  than  that  of 
the  terrestrial  day  in  the  ratio  of  596  to  1440,  or  1  to  2*42. 

2746.  Jovian  years.  —  Since  the  period  of  Jupiter  is  4332*6 
terrestrial  days^  it  will  consist  of 

4332-6  =  10484-9 
Jovian  days.* 

2747.  Seasons,  —  At  the  Jovian  equinoxes  the  length  of  the 
day  in  terrestrial  time  must  be  4*^-  57"-  43-5"-  Owing  to  the 
very  small  obliquity  of  the  plane  of  the  planet's  equator  to  that 
of  its  orbit,  not  much  exceeding  the  eighth  part  of  the  obliquity 
of  the  earth's  equator,  the  diflFerence  of  the  extreme  length  of 
the  days  at  midsummer  and  midwinter,  even  at  high  latitudes, 
must  necessarily  be  small.     Thus  at 

H.      M.     8. 

lAt.40<'.— Longest  day  -  -  -  5      6    26 

Shortest  day  -  -  -  4    49     14 


Difference 


Lat  60^. — Longest  day 
Shortest  day 

Difference       •» 

*  The  day  here  computed  is  the  sidereal  day,  which,  in  the  case  of  the 
aaperior  planets,  differs  from  the  mean  solar  daj  by  a  quantity  so  insignifi- 
cant that  it  may  be  neglected  in  such  illustrations  as  these. 
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The  diurnal  phenomena  at  midwinter  and  midsommer  on 
the  earth  in  latitudes  higher  than  66^*'*  are  only  exhibited  oa 
Jupiter  within  a  small  circle  circumscribing  the  pde  at  a  dis- 
tance of  a**  6\ 

The  extremes  of  temperature,  so  far  as  they  depend  on  the 
varying  distance  of  the  planet  from  the  sun,  being  in  the  pro- 
portion of  the  squares  of  the  aphelion  and  perihelion  distances, 
are  as 

518>    :    470>  ::  S    :    6  nearly. 

It  appears,  therefore,  that  except  in  the  near  neighbourhood 
of  the  poles  the  vicissitudes  of  temperature  and  season  to  which 
the  surface  of  this  planet  is  exposed,  whether  arising  from  the 
obliquity  of  its  axis  or  the  eccentricity  of  its  orbit,  are  confined 
within  extremely  narrow  limits. 

2748.  Telescopic  appearance  of  Jupiter,  —  Of  all  the  bodies 
of  the  system,  the  moon  perhaps  alone  excepted,  Jupiter  pre- 
sents to  the  telescopic  observer  the  most  magnificent  spectacle. 
Notwithstanding  its  vast  distance,  such  is  its  stupendous  magni- 
tude that  it  is  seen  under  a  visual  angle  nearly  twice  that  of 
Mars.  A  telescope  of  a  given  power,  therefore,  shows  it  with 
an  apparent  disk  four  times  greater.  It  has,  consequently,  been 
submitted  to  examination  by  the  most  eminent  observers,  and 
its  appearances  described  with  great  minuteness  of  detaiL  The 
apparent  diameter  in  opposition  (when  it  is  on  the  meridian  at 
midnight)  is  about  the  fortieth  part  of  that  of  the  moon,  and, 
therefore,  a  telescope  with  the  very  moderate  magnifying  powei^ 
of  forty,  presents  it  to  the  observer  with  a  disk  equal  to  that 
with  which  the  full  moon  is  seen  with  the  naked  eye. 

2749.  Magnifying  powers  necessary  to  show  the  features  cf 
the  disk.  —  A  power  of  four  or  five  is  sufficient  to  enable  the 
observer  to  see  the  planet  with  a  sensible  disk  ;  a  power  of 
thirty  shows  the  more  prominent  belts  and  the  oval  form  of  the 
disk  produced  by  the  oblateness  of  the  spheroid ;  a  power  of 
forty  shows  it  with  a  disk  as  large  as  that  which  the  full  moon 
presents  to  the  naked  eye ;  but  to  be  enabled  to  observe  the 
finer  streaks  which  prevail  at  greater  distances  from  the  planet's 
equator,  it  is  not  only  neeessary  to  see  the  planet  under  favour- 
able circumstances  of  position  and  atmosphere,  but  to  be  aided 
by  a  well-defining  telescope  with  magnifying  powers  varying 
from  200  to  300. 


Digitized  by 


Google 


THE  MAJOR  PLANETS.  839 

2750.  Belis  ^-^  their  arrangement  and  appearance.  -^^  The 
planet,  when  thus  viewed,  appears  to  exhibit  a  disk,  the  ground 
of  which  is  a  light  yellowish  colour,  brightest  near  its  equator, 
and  melting  gradually  into  a  leaden-coloured  gray  towards  the 
poles,  still  retaining,  nevertheless,  somewhat  of  its  yellowish 
hue.  Upon  this  ground  are  seen  a  series  of  brownish-gray 
streaks,  resembling  in  their  form  and  arrangement  the  streaks  of 
clouds  which  are  often  observed  in  the  sky  on  a  fine  calm 
evening  after  sunset.  The  general  direction  of  these  streaks  is 
parallel  to  the  equator  of  the  planet,  though  sometimes  a  de* 
parture  from  strict  parallelism  is  observable.  They  are  not  all 
equally  conspicuous  or  distinctly  defined.  Two  are  generally 
strikingly  observable,  being  extended  north  and  south  of  the 
planet's  equator,  separated  by  a  bright  yellow  zone,  being  a  part 
of  the  general  ground  of  the  disk.  These  principal  streaks 
commonly  extend  around  the  globe  of  the  planet,  being  visible 
without  much  change  of  form  during  an  entire  revolution  of 
Jupiter.  This,  however,  is  not  always  the  case,  for  it  has  hap- 
pened, though  rarely,  that  one  of  these  streaks,  at  a  certain 
point,  was  broken  sharply  off  so  as  to  present  to  the  observer, 
an  extremity  so  well  defined  and  unvarying  for  a  considerable 
time  as  to  supply  the  means  of  ascertaining,  with  a  very  close 
approximation,  the  time  of  the  planet's  rotation.  The  borders 
of  these  principal  streaks  are  sometimes  sharp  and  even,  but, 
sometimes  (those  especially  which  are  further  from  the  equator), 
rugged  and  uneven,  throwing  out  arms  and  ofishoots. 

2751.  Those  near  the  poles  more  faint  —  On  the  parts  of 
the  disk  more  remote  from  the  equator,  the  streaks  are  much 
more  faint,  narrower,  and  less  regular  in  their  parallelism,  and 
can  seldom  be  distinctly  seen,  except  by  practised  observers,  with 
good  telescopes.  With  these,  however,  what  appears  near  the 
poles,  in  instruments  of  inferior  power,  as  a  dim  shading  of  a 
yellowish  gray  hue,  is  resolved  into  a  system  of  fine  parallel 
streaks  in  close  juxtaposition,  which  becoming  closer  in  ap<» 
proaching  the  pole,  finally  coalesce. 

2752.  Disappear  near  the  limb. —  In  general,  all  the  streaks 
become  less  and  less  distinct  towards  either  the  eastern  or 
western  limb,  disappearing  altogether  at  the  limb  itself. 

2753.  Belts  not  zenographical  features,  but  atmospheric. 
— -  Although  these  streaks  have  infinitely  greater  permanency 
than  the  arrangements  of  the  clouds  of  our  atmosphere,  and  are, 
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as  we  have  seen,  even  more  permanent  than  is  necessary  for  the 
exact  determination  of  the  planet's  rotation,  they  are  neverthe- 
less entirely  destitute  of  that  permanence  which  would  charac- 
terise  Zenographic  features,  such  as  are  ohsenred,  for  ex- 
ample, on  Mars.  The  streaks,  on  the  contrary,  are  subject  to 
blow  but  evident  variations,  so  that  after  the  lapse  of  some 
months  the  appearance  of  the  disk  is  totally  changed. 

2754.  Telescopic  drawings  of  Jupiter  by  Madler  and  Her* 
scheL  —  These  general  observations  on  the  appearance  of 
Jupiter's  disk  will  be  rendered  more  clearly  intelligible  by  re- 
ference to  the  telescopic  drawings  of  the  planet  given  in  plate 
X,  In  fig,  1.  is  given  a  telescopic  view  of  the  disk  by  Sip 
John  Herschel,  as  it  appeared  in  the  20-feet  reflector  at  Slough 
on  the  23rd  Sept.  1832.  The  other  views  were  made  by 
M.  Madler  from  observations  taken  in  1835,  and  1836,  at  the 
dates  indicated  on  the  plate. 

2755.  Observations  and  conclttsions  of  Madler,  —  The  two 
black  spots  represented  in  figs.  2,  3,  and  4,  were  those  by  which 
the  time  of  rotation  was  detrrmined  (2745.).  They  were  first 
observed  by  Madler,  on  the  3rd  of  Nov.  1 834.  The  effect  of  the 
rotation  on  these  spots  was  so  apparent  that  their  change  of  posi- 
tion with  relation  to  the  centre  of  the  disk,  in  the  short  interval 
of  five  minutes,  was  quite  perceivable.  A  third  spot,  much  more 
faint  than  these,  was  visible  at  the  same  time,  the  distances 
separating  the  spots  being  about  24°  of  the  planet's  surface.  It 
was  estimated  that  the  diameter  of  each  of  the  two  spots  repre- 
sented in  the  diagrams  was  3680  miles,  and  the  distance  between 
them  was  sometimes  observed  to  increase  at  the  rate  of  half  a 
degree,  or  330  miles,  in  a  month.  The  two  spots  continued  to 
be  distinctly  visible  from  the  3rd  of  November,  1834,  when  they 
were  first  observed,  until  the  18th  of  April,  1835 ;  but  during 
this  interval  the  streak  on  which  they  were  placed,  had  entirely 
disappeared.  It  became  gradually  fainter  in  January  (see^.  4.), 
and  entirely  vanished  in  February ;  the  spots,  however,  retain-* 
ing  all  their  distinctness.  The  planet,  after  April  passing 
towards  conjunction,  was  lost  in  the  light  of  the  sun ;  and  when 
it  reappearcKl  in  August,  after  conjunction,  the  spots  had  alto- 
gether vanished. 

The  observations  being  continued,  the  drawings, ^«.  5.  and  6., 
were  made  from  observations,  on  the  16th  and  17th  of  January, 
1836,  when  the  entire  aspect  of  the  disk  was  changed.  The  two 
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figures  5.  and  6.  represent  opposite  hemispheres  of  the  planet. 
The  former  presents  a  striking  resemblance  to  the  principal  belts 
in  the  drawing  of  Sir  J.  Herschely^<^.  1. 

It  was  remarked  that  the  two  spots,  when  carried  round  by 
the  rotation,  became  invisible  at  55^  to  57°  from  the  centre  of 
the  disk.  This  is  an  effect  which  would  be  produced  if  the 
spots  were  openings  in  the  mass  of  clouds  floating  in  the  at- 
mosphere of  the  planet,  and  would  be  explicable  in  the  same 
manner  as  is  the  disappearance  of  spots  on  the  sun  in  approach- 
ing the  edges  of  the  disk.  A  proper  motion  with  a  slow  velocity, 
and  in  a  direction  contrary  to  the  rotation  of  the  planet,  was 
observed  to  affect  the  spots,  and  this  motion  continued  with 
greater  uniformity  in  March  and  April,  after  the  disappearance 
of  the  belt 

It  was  calculated  that  the  velocity  of  their  proper  motion  over 
the  surface  of  the  planet,  was  at  the  rate  of  from  three  to  four 
miles  an  hour. 

Although  the  two  black  spots  were  not  observed  by  lifadler 
until  the  first  days  of  November,  they  had  been  previously  seen 
and  examined  by  Schwabe,  who  observed  them  to  undergo 
several  curious  changes,  in  one  of  which  one  of  them  disap- 
peared for  a  certain  interval,  its  place  being  occupied  by  a  mass 
of  fine  dots.     It  soon,  however,  reappeared  as  before. 

From  all  these  circumstances,  and  many  others  developed  in 
the  course  of  his  extensive  and  long-continued  observations* 
Madler  considers  it  highly  probable,  if  not  absolutely  certain, 
that  the  atmosphere  of  Jupiter  is  continually  charged  with  vast 
masses  of  clouds  which  completely  conceal  his  surface;  that 
these  clouds  have  a  permanence  of  form,  position,  and  arrange- 
ment to  which  there  is  nothing  analogous  in  the  atmosphere  of 
the  earth,  and  that  such  permanence  may  in  some  degree  be 
explained  by  the  great  length  and  very  small  variation  of  the 
seasons.  He  thinks  it  probable  that  the  inhabitants  of  places  in 
latitudes  above  40°  never  behold  the  firmament,  and  those  in 
lower  latitudes  only  on  rare  occasions. 

To  these  inferences  it  may  be  added  that  the  probable  cause 
assigned  for  the  distribution  of  the  masses  of  clouds  in  streaks 
parallel  to  the  equator,  is  the  prevalence  of  atmospheric  currents 
analogous  to  the  trades,  and  arising  from  a  like  cause,  but 
marked  by  a  constancy,  intensity,  and  regularity  exceeding 
those  which  prevail  on  the  earth,  inasmuch  as  the  diurnal 
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motion  of  the  surface  of  Jopiter  it  more  rapid  than  that  of  the 
earth  in  the  eombined  proportion  of  the  yelodly  of  the  diamal 
rotation  and  the  magnitude  of  the  eircnmferencey  that  is,  as  27 
to  1  nearly. 

It  is  also  probable  that  the  bright  yellowish  general  ground 
of  Jupiter's  disk  consists  of  clouds^  which  reflect  light  much 
more  strongly  than  the  most  dense  masses  which  are  seen  illu- 
minated by  the  sun  in  our  atmosphere;  and  that  the  darker 
streaks  and  spots  observed  upon  the  disk  are  portions  of  the 
atmosphere,  either  free  from  clouds  and  through  which  the  sur- 
face of  the  planet  is  visible  more  or  less  distinctly,  or  clouds  of 
less  density  and  less  reflecting  power  than  those  which  float 
over  the  general  atmosphere  and  form  the  ground  on  which  the 
belts  and  spots  are  seen. 

That  the  atmosphere  has  not  any  very  extraordinary  height 
above  the  surface  of  the  planet,  is  proved  by  the  sharply  defined 
edge  of  the  disk.  If  its  height  bore  any  considerable  proportion 
to  the  diameter  of  the  planet,  the  light  towards  the  edges  of  the 
disk  would  become  gradually  fainter,  and  the  edges  would  be 
nebulous  and  ill-defined.    The  reverse  is  the  case. 

2756.  Spheroidal  form  of  the  planet — The  dbk  of  Jupiter, 
seen  with  magnifying  powers  as  low  as  SO,  is  evidently  oval, 
the  lesser  axis  of  the  ellipse  coinciding  with  the  axis  of  rotation, 
and  being  perpendicular  to  the  general  direction  of  the  belts. 
This  fact  supplies  a  striking  confirmation  of  the  results  attained 
in  the  measurement  of  the  curvature  of  the  earth ;  and,  as  in  the 
case  of  the  earth,  the  degree  of  oblateness  of  Jupiter  is  found  to 
be  that  which  would  be  produced  upon  a  globe  of  the  same  mag* 
nitude,  haying  a  rotation  such  as  the  planet  is  observed  to  have. 

At  the  mean  distance  from  the  earth,  the  apparent  diameters 
of  the  disk  are  ascertained  by  exact  micrometrie  measures  to  be—* 

MOM. 
Equatorial  Diameter  •  «  .  .        38*4'' « 92,080 

Polar  Diameter  ....        36*6" -85,210 

Mean  Diameter  •  •  « 88,645 


The  polar  diameter  is  therefore  less  than  the  equatorial,  in  the 
ratio  of  356  to  384  or  100  to  108  nearly.  Other  estimates  give 
the  ratio  as  100  to  106. 

2757.  Jupiter^s  satellUei. —When  Galileo  directed  the  first 
telescope  to  the  examination  of  Jupiter,    he  observed  four 
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minute  stars,  wMch  appeared  in  the  line  of  the  equator  of  the 
planet.  Be  took  these  at  first  to  be  fixed  stars,  but  was  soon 
undeceived.  He  saw  them  alternately  approach  to,  and  recede 
from  the  planet,  observed  them  pass  behind  it  and  before  it ; 
and  oscillate,  as  it  were,  to  the  right  and  the  left  of  it,  to  certain 
limited  and  equal  distances.  He  soon  arrived  at  the  obvious 
conclusion  that  these  objects  were  not  fixed  stars,  but  that 
they  were  bodies  which  revolved  round  Jupiter  in  orbits,  at 
limited  distances,  and  that  each  successive  body  included  the 
orbit  of  the  others  within  it;  in  short,  that  they  formed  a 
miniature  of  the  solar  system,  in  which,  however,  Jupiter  him- 
self played  the  part  of  the  sun.  As  the  telescope  improved,  it 
became  apparent  that  these  bodies  were  small  globes,  related  to 
Jupiter  in  the  same  manner  exactly  as  the  moon  is  related  to 
the  earth;  that,  in  fine,  they  were  a  system  of  four  moons, 
accompanying  Jupiter  round  the  sun. 

2758.  Rapid  change  and  great  variety  of  pk€ues.  —  But 
connected  with  these  appendages  there  is  perhaps  nothing  more 
remarkable  than  the  period  of  their  revolutions.  That  moon 
which  is  nearest  to  Jupiter,  completes  its  revolution  in  forty-two 
hours.  In  that  brief  spac«  of  time  it  goes  through  all  its  various 
phases ;  it  is  a  thin  crescent,  halved,  gibbous,  and  full.  It  must 
be  remembered,  however,  that  the  day  of  Jupiter,  instead  of 
being  twenty-four  hours,  is  less  than  ten  hours.  This  moon, 
therefore,  has  a  month  equal  to  a  little  more  than  four  Jovian 
days.  In  each  day  it  passes  through  one  complete  quarter;  thus, 
on  the  first  day  of  the  month  it  passes  from  the  thinnest  crescent 
to  the  half  moon ;  on  the  second,  from  the  half  moon  to  the  full 
moon ;  on  the  third,  from  the  full  moon  to  the  last  quarts ;  and 
on  the  fourth  returns  to  conjunction  with  the  sun.  So  rapid 
are  these  chaoges  that  they  must  be  actually  visible  as  they 
proceed. 

The  apparent  motion  of  this  satellite  in  the  firmament  of 
Jupiter  is  at  the  rate  of  more  than  8*^  per  hour,  and  is  the  same 
as  if  our  moon  were  to  move  over  a  space  equal  to  her  own 
apparent  diameter,  in  rather  less  than  four  minutes.  Such  an 
object  would  serve  the  purpose  of  the  hand  of  a  stupendous 
celestial  dock. 

The  second  satellite  completes  its  revolution  in  about  eighty- 
five  terrestrial  hours,  or  about  eight  and  a  half  Jovian  days.  It 
passes,  therefore,  from  quarter  to  quarter  in  twenty-one  hours, 
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or  about  two  Jovian  days,  its  apparent  motion  in  the  firmament 
being  at  the  rate  of  about  4*25^  per  hour,  which  is  as  if  our 
moon  were  to  move  over  a  space  equal  to  nine  times  its  own 
diameter  per  hour,  or  over  its  own  diameter  in  less  than  seven 
minutes. 

The  movements  and  changes  of  phase  of  the  other  two  moons 
are  not  so  rapid.  The  third  passes  through  its  phases  in  about 
170  hours,  or  seventeen  Jovian  days,  and  its  apparent  motion 
is  at  the  rate  of  about  1^  per  hour.  The  fourth  and  last  com- 
pletes its  changes  in  400  hours,  or  fortj  Jovian  dajs,  and  its 
apparent  motion  is  at  the  rate  of  little  less  than  1°  per  hour, 
being  double  the  apparent  motion  of  our  moon. 

Thus  the  inhabitants  of  Jupiter  have  four  different  months 
of  four,  eight,  seventeen,  and  forty  Jo?ian  days,  respectively. 

2759.  Elongation  of  the  satellites. —  The  appearance  which 
the  satellites  of  Jupiter  present  when  viewed  with  a  telescope 
of  moderate  power,  is  that  of  minute  stars  ranged  in  the  direc- 
tion of  a  line  drawn  through  the  centre  of  the  planet's  disk 
nearly  parallel  to  the  direction  of  the  belts,  and  therefore  coin-* 
ciding  with  that  of  the  planet's  equator.  The  distances  to  whicli 
they  depart  on  the  one  side  or  the  other  of  the  planet,  are  so 
limited  that  the  whole  system  is  included  within  the  field  of 
any  telescope  whose  magnifying  power  is  not  considerable ;  and 
their  elongations  from  the  centre  of  the  planet  can  therefore 
be  measured  with  great  precision  by  means  of  the  wire  micro- 
meters. 

When  the  apparent  diameter  of  the  planet  in  opposition  is 
45",  the  greatest  elongations  of  the  satellites  from  the  centre  of 
the  planet's  disc  are  as  follow :  — 


I.  . 

_ 

• 

136" 

n.  * 

» 

m 

215" 

in.  - 

. 

. 

346" 

IV.    - 

. 

- 

685" 

It  follows,  therefore,  that  the  entire  system  is  comprised  within 
a  visual  area  of  about  1200^^  in  extent,  being  two- thirds  of  the 
apparent  diameter  of  the  moon.  If,  therefore,  we  conceive  the 
moon's  disk  to  be  centrically  superposed  on  that  of  Jupiter,  not 
only  would  all  the  satellites  be  covered  by  it,  but  that  which 
elongates  itself  most  from  the  planet  would  not  approach  nearer 
to  the  moon's  edge  than  one-sixth  of  its  apparent  diameter. 
If  all  the  satellites  were  at  the  same  time  at  their  greatest 
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elongations,  they  would,  relatively  to  the  apparent  diameter  of 
the  planet,  present  the  appearance  represented  in^^.  755. 


Fig.  756. 

2760.  Distances  from  Jupiter. — The  actual  distances  of  the 
satellites  from  the  centre  of  the  planet  may  be  immediately  in* 
ferred,  from  a  comparison  of  their  greatest  elongations  with  the 
apparent  semi-diameter  of  the  planet  Since,  in  the  case  above 
supposed,  the  apparent  semi-diameter  of  the  planet  is  22*5",  the 
distances  will  be  found  expressed  with  reference  to  the  semi- 
diameter  as  the  unit,  by  dividing  the  greatest  elongations  ex« 
pressed  in  seconds  by  22*5.     This  gives  for  the  distances :  — 

L      .  -  .       Hl  =  60. 


n.    .        -        -     ?i«-9-6. 

22*5 

m.    .        -        .      ?li-i5-4. 

22*5 
IV,      .  .  .         —^26. 


Relatively  to  the  magnitude  of  the  planet,  therefore,  the  sa- 
tellites revolve  much  closer  to  it  than  the  moon  does  to  the 
earth.  The  distance  of  the  moon  is  nearly  60  semi-diameters  of 
the  earth,  while  the  distance  of  the  most  remote  of  Jupiter's 
poons  is  not  more  than  26  semi-diameters,  and  that  of  the 
nearest  only  six,  from  his  centre. 

Owing,  however,  to  the  greater  dimensions  of  Jupiter,  the 
actual  distances  of  the  satellites,  expressed  in  miles,  are  (except 
that  of  the  first)  greater  than  the  distance  of  the  moon  from 
the  earth. 

2761.  Harmonic  law  observed  in  the  Jovian  system. — That 
the  same  law  of  gravitation  which  reigns  throughout  the  ma- 
terial universe,  prevails  in  this  system,  is  rendered  manifest  by 
the  accordance  of  the  motions  and  distances  of  the  satellites 
with  the  harmonic  law.  In  the  following  table  numerical  rela- 
tions establishing  this  are  exhibited  :  — 
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The  want  of  exact  eqoalitj  in  the  nombers  in  the  last  column, 
bj  which  the  ratio  of  the  squares  of  the  periods  to  the  cubes  of 
the  distances  are  expressed,  is  to  be  ascribed  partly  to  using 
round  numbers  only,  and  partly  to  the  effects  of  tlie  mutual 
disturbances  produced  by  the  satellites  upon  each  other  and  by 
the  spheroidal  form  of  the  planet  itself. 

2762.  Singular  relation  between  the  motions  of  the  first  three 
satellites, —  On  comparing  the  periods  of  the  first  three  satel* 
lites,  it  is  evident  that  they  are  in  the  ratio  of  the  numbers  1> 
2,  and  4.    For  we  have — 

43:86!  i7i::i  :2:4. 

Since  the  mean  angular  velocities,  or,  what  is  the  same,  the 
mean  apparent  motions  as  seen  from  Jupiter,  are  found  by 
dividing  360^  by  the  periodic  times,  it  follows  that  these 
motions  for  the  three  satellites  are  in  the  inverse  ratio  of  1, 
2,  and  4,  that  is,  as  I,  ^,  and  ^ ;  and,  therefore,  that  the  mean 
apparent  motion  of  the  second  satellite  is  hM,  and  that  of  the 
third  one-fourth  of  the  mean  apparent  motion  of  the  first. 

It  follows,  also,  that  if  twice  the  mean  motion  of  the  third  be 
added  to  the  mean  motion  of  the  first,  the  sum  will  be  three 
times  the  mean  motion  of  the  second.  This  will  be  rendered 
evident  by  expressing  these  motions  by  general  symbols.  Let 
m\  m'\  and  m"*  express  the  mean  hourly  apparent  motions. 
We  shall  have— 

and  consequently 

«i'+2m'"  =  m'+|m'=|«i'  =  3«i". 

2763.  Corresponding  relation  between  their  mean  longitudes, 
—The  longitudes  of  satellites  are  referred  to  their  primaries 
as  visual  centres.  Thus  the  mean  longitudes  of  Jupiter's 
satellites  are  their  mean  angular  distances  from  the  first  point 
of  Aries  as  seen  from  Jupiter.  Now,  it  follows  that  the  relation 
which  has  been  shown  to  prevail  between  the  mean  motions  of 
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the  first  three  satellites,  also  prevails  between  their  mean  longi- 
tudes. Let  these  longitudes  at  anj  proposed  time  be  I'y  V'y  V; 
and  after  a  given  interval,  during  which  all  the  satellites  will 
have  augmented  their  longitudes,  let  them  be  l',  l",  i/^\  The 
angles  or  arcs  moved  through  in  the  interval  will  be  \f-^l\ 
l"— /",  l'''— ^'';  and  since  these  will  represent  and  be  propor- 
tional to  the  mean  apparent  motions  we  shall  have — 

from  which  is  inferred — 

It  appears,  therefore,  that  the  difference  between  three  times  the 
longitude  of  the  second  and  the  sum  of  the  longitude  of  the 
first  and  twice  that  of  the  third  is  invariable ;  but  what  this 
invariable  difference  is  does  not  appear  from  the  mere  relation 
of  the  periods.  A  single  observation  of  the  positions  of  the 
three  satellites  at  any  proposed  moment,  is  sufficient  to  ascertain 
this  difference ;  since  whatever  it  may  be  at  any  one  moment,  it 
must  always  continue  to  be.  Now,  it  may  be  thus  easily  ascer- 
tained by  observations  made  at  any  proposed  time,  that  this 
difference  is  exactly  180^.  We  shall  thu»have,  as  a  permanent 
relation  between  the  positions  of  these  three  satellites— > 

80  that,  whenever  the  positions  of  any  two  of  them  are  given, 
the  position  of  the  other  can  be  found. 

It  follows  from  this  relation,  that  the  three  satellites  can  never 
have  at  the  same  time  the  same  phase ;  for  if  they  had,  they 
must  necessarily  have  the  same  visual  direction,  and  consequently 
the  same  longitude^  which  would  be  incompatible  with  the 
preceding  relation.  If  two  of  them  have  nearly  the  same  phase, 
the  third  must  have  a  phase  differing  from  it  by  180°,  90°,  or 
60^,  accOTding  to  the  satellites  which  agree  in  their  phase. 

If  the  second  and  third  have  nearly  the  same  phase,  we  shall 
have  iI'^\J"\  and  therefore — 

8l''-l'-2l''=l''-l'=180°. 

The  first  will  have  a  position,  and  therefore  a  phase,  in  direct 
opposition  to  the  common  phase  of  the  second  and  third.  If 
one  be  new,  the  other  will  be  full,  and  vice  versiu 
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If  the  first  and  second  have  a  common  phase,  we  shall  have 
j/s^il' ;  and  therefore — 

3  l'-l'-2  l'''-2(l'-l''')=180^ 

The  third  satellite  will  therefore  be  90°  from  the  common 
direction  of  the  other  two,  and  will  therefore  have  a  phase 
different  from  theirs  bj  90°.  If  one  be  full  or  new,  the  other 
will  be  in  the  quarters,  and  vice  versiu 

In  fine,  if  the  first  and  third  have  a  common  phase,  we  shall 
have  i/  =  l'"  ;  and,  consequently^ 

3l''  — 3l'=  180°,        L''  — l'  =  60°. 

The  second  will  therefore  have  a  position  60°  different  from 
the  common  direction  of  the  other  two,  and  its  phase  will  differ 
in  the  same  degree  from  their  common  phase*  If  one  be  full, 
the  other  will  be  gibbous  ;  and  if  one  be  new,  the  other  will  be 
a  crescent ;  the  breadth  of  the  gibbous  phase  being  120°,  and 
that  of  the  crescent  60°. 

The  student  will  find  no  difficulty  in  tracing  the  effects  of 
this  relation  in  all  other  phases. 

An  attempt  has  been  made  to  trace  the  remarkable  relation 
between  the  periods  here  noticed  to  the  effects  of  the  mutuid 
gravitation  of  the  .satellites ;  and  Laplace  has  shown  that,  if 
such  a  relation  prevailed  nearly  at  any  one  epoch,  the  mu- 
tual gravitation  of  the  satellites  would  render  it  in  process  of 
time  exact  There  would  seem,  therefore,  to  be  a  tendency 
to  such  a  relation,  as  a  consequence  of  the  general  law  of  gra- 
vitation. 

2764.  Orbits  of  satellites.  —  The  orbits  of  the  satellites  are 
ellipses  of  very  small  ellipticity,  inclined  to  the  plane  of  Jupiter's 
orbit  at  very  small  angles,  as  is  made  apparent  by  their  motions 
being  always  very  nearly  coincident  with  the  plane  of  the 
planet's  equator,  which  is  inclined  to  that  of  its  orbit  at  the 
small  angle  of  3^  5'  30". 

2765.  Apparent  and  real  magnitudes.  —  The  satellites^ 
although  reduced  by  distance  to  mere  lucid  points  in  ordinary, 
telescopes,  not  only  exhibit  perceptible  disks  when  observed  by 
instruments  of  sufficient  power,  but  admit  of  pretty  accurate 
measurement  At  opposition,  when  the  apparent  diameter  of 
the  planet  is  45^',  all  the  satellites  subtend  angles  exceeding  V\ 
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and  the  third  and  fourth  appear  under  angles  of  1|^^  and  iy« 
Bj  obserying  these  apparent  diameters  with  all  practicable 
precision,  and  multiplying  them  by  the  linear  value  of  V,  as 
already  determined  (2741.),  their  real  diameters  may  be  ascer* 
tained  as  follows: — 


Miles. 

L 

• 

• 

• 

l"-194x  1934«2309. 

n. 

• 

• 

• 

l"070x  1934-2069, 

ra. 

• 

m 

• 

l"-747xl934«3378, 

IV. 

- 

- 

- 

l"'495xl934»2891. 

It  appears,  therefore,  that  with  the  exception  of  the  second^ 
which  is  exactly  equal  in  magnitude  to  the  earth's  moon,  all  the 
others  are  on  a  much  larger  scale ;  and  one  of  them,  the  third, 
18  greater  than  the  planet  Mercury,  while  the  fourth  is  very 
nearly  equal  to  it. 

2766.  Apparent  magnitudes  as  seen  from  Jupiter. — By  com- 
paring  their  real  diameters  with  their  distances,  the  apparent 
diameters  of  the  several  satellites,  as  seen  from  Jupiter,  may  be 
easily  ascertained.  By  dividing  the  actual  distances  of  the 
satellites  from  Jupiter  by  206,265,  we  obtain  the  linear  value 
of  1''  at  such  distance;  and  by  dividing  the  actual  diameters  of 
the  satellites  respectively  by  this  value,  we  obtain,  in  seconds^ 
their  apparent  diameters  as  seen  from  Jupiter. 

In  making  this  calculation,  however,  it  is  necessary  to  take 
into  account  the  magnitude  of  the  semi-diameter  of  the  planet; 
since  it  is  from  the  surface,  and  not  from  the  centre^  that  the 
satellite  is  viewed. 

It  follows,  from  a  calculation  made  on  these  principles,  that 
the  apparent  magnitudes  of  the  four  satellites,  seen  from  any 
part  of  the  surface  not  far  removed  from  the  equator  of  the 
planet,  are,  for  the  first  35'  30",  for  the  second  19^  30^',  for  the 
third  18'  16^  and  for  the  fourth  8'  58". 

The  first  satellite,  therefore,  has  an  apparent  diameter 
equal  to  that  of  the  moon ;  the  second  and  third  are  nearly 
equal  and  about  half  that  diameter ;  and  the  apparent  dia« 
meter  of  the  other  satellite  is  about  the  fourth  part  of  that  of 
the  moon. 

It  may  be  easily  imagined  what  various  and  interesting  noc* 
tumal  phenomena  are  witnessed  by  the  inhabitants  of  Jupiter, 
when  the  various  magnitudes  of  these  four  moons  are  combine4 
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with  the  quick  succession  of  their  phases,  and  the  rapid  ap- 
parent motions  of  the  first  and  second. 

Bj  the  relation  (2763)  between  the  mean  motions  of  the 
first  three  satellites,  thej  never  can  be  at  the  same  time  on  the 
same  side  of  Jupiter ;  so  that  whenever  any  one  of  them  is 
absent  from  the  firmament  of  the  planet  at  night,  one  at  least 
of  the  others  must  be  present  The  Jovian  nights  are,  therefore, 
always  moonlit,  except  during  eclipses  (which  take  place  at  every 
revolution),  and  often  enlightened  at  once  by  three  moons  of 
different  apparent  magnitudes  and  seen  under  different  phases. 

2767.  Parallax  of  the  satellites.  —  Owing  to  the  small  pro- 
portion which  the  distances  of  the  satellites  bear  to  the  semi- 
diameter  of  the  planet,  the  effects  of  their  parallax  as  observed 
from  the  surface  of  Jupiter,  are  out  of  all  analogy  with  any 
phenomena  of  a  like  kind  upon  the  earth.  The  nearest  body  in 
the  universe  to  the  earth,  the  moon,  is  at  the  distance  of  sixty 
semidiameters,  and  its  horizontal  parallax  is  consequently  less 
than  1^ ;  while  the  most  remote  of  Jupiter's  satellites  is  only 
twenty-seven,  and  the  nearest  only  six  semidiameters  from  his 
centre. 

By  the  method  explained  in  2327,  the  horizontal  parallaxes, 
»,  y',  t",  ir"',  of  the  four  satellites,  may  be  determined,  and 
are  — 

,-=.«7^=9-5».  »'=^4J=6».       ,"-p±=3-e-. 

6  9-6  15-4 

27 

2768.  Apparent  magnitudes  of  Jupiter  seen  from  the  satel" 
Utes.  —  Since  the  apparent  diameter  of  the  planet  seen  from  a 
satellite,  is  twice  its  horizontal  parallax  (2327  X  it  follows  that 
the  apparent  diameter  of  Jupiter  seen  from  the  first  satellite  is 
19^,  from  the  second  12^*,  from  the  third  7^^,  and  from  the  fourth 
4*25^  The  disk  of  Jupiter,  therefore,  appears  to  the  first  with  a 
diameter  eighteen  times  greater,  and  a  surface  320  times  greater 
than  that  of  the  full  moon. 

2769.  Satellites  invisible  from  a  circumpolar  region  of  the 
planet  —  It  is  easy  to  demonstrate  in  general  that  an  object 
cannot  be  seen  from  any  part  of  the  surface  of  a  planet,  which 
is  at  a  distance  from  its  pole  less  than  the  horisontal  parallax 
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of  the  object.  Let  np  s,^.  766.,  be  a  meridian  of  the  planet, 

N  8  its  axis,  o  an  object  at  a  dis- 
tance, o  0,  from  its  centre.  Sup- 
pose a  line  o  p  drawn  from  o, 
touching  the  meridian  at  p,  the 
angle  poo  will  be  the  horizon- 
tal parallax  of  o ;  and  since  the 
Fig.  756.  *°S^®  OPC  =  90%   the  angles 

POO  and  poo  taken  together  are 
90^.  But  since  the  angle  n  c  o  is  also  90°,  it  follows  that  the 
angle  nop,  and,  therefore,  the  arc  n p  which  it  measures,  is 
equal  to  the  horizontal  parallax  p  o  c. 

Now,  it  is  evident,  that  o  is  not  yisible  from  any  part  of  the 
meridian  between  p  and  n.  K,  therefore,  a  parallel  of  latitude 
be  supposed  to  be  described  round  the  pole  at  a  distance  from 
it  equal  to  the  horizontal  parallax  of  any  object,  such  object 
cannot  be  seen  from  any  part  of  circumpolar  region  included 
within  such  parallel. 

It  follows  from  this,  from  the  values  of  the  horizontal 
parallaxes  of  the  satellites  found  above  (2732),  and  in  fine 
from  the  fact  the  satdlites  move  nearly  in  the  plane  of  the 
planefs  equator,  that  the  first  satellite  is  invisible  at  all  parts 
within  a  parallel  described  round  the  pole  at  a  distance  of  9*6% 
the  second  at  6°,  the  third  at  3*6°,  and  the  fourth  at  2•l^ 

2770.  RotaHon  on  their  cuces. —  One  of  the  peculiarities  in 
the  motion  of  our  moon  which  distinguishes  it  in  a  remarkable 
manner  from  the  planets,  is  its  revolution  upon  its  axis.  It  will 
be  remembered,  that  the  planets  generally  rotate  on  their  axes  in 
times  somewhat  analogous  to  that  of  the  earth.  Now,  on  the 
contrary,  the  moon  revolves  on  its  axis  in  the  same  time  that  it 
takes  to  revolve  round  the  earth ;  in  consequence  of  which  ad- 
justment of  its  motions,  it  turns  the  same  hemisphere  continually 
towards  the  earth. 

Some  observations  of  Sir  William  Herschel  have  rendered  it 
probable,  that  the  Jovian  moons  also  revolve  on  their  axes  once, 
in  the  time  of  their  respective  revolutions  round  the  planet. 
These  observations  cannot  be  repeated  without  the  aid  of  tele- 
scopes as  powerful  as  those  of  the  elder  Herschel,  and  it  may 
be  expected  that  those  of  Lord  Bosse  and  others  may  supply 
farther  evidence  on  this  question. 
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2771.  Mass  ofJupUer, — The  ratio  of  the  mass  of  Jupiter  to 
that  of  the  sun,  can  be  deduced  from  the  motion  of  anj  of  the 
aatellites,  by  the  method  explained  in  (2635). 

If  r  and  p  express  the  distance  and  period  of  the  planet,  r^ 
and  p^  those  of  the  satellite,  and  ii  and  m'  the  masses  of  the  sun 
and  planet^  we  shall  have — 


i = (?)■  ^  <$)' 


By  substituting  in  this  formula  the  distances  and  periods  for 
each  of  the  four  satellites,  we  shall  find  the  following  values 

of  ~, 

I.  ^  =  1130.    IL  ^  =1123.    III.  ^  =  1121.  IV.  ^  =1095. 

The  small  discrepancy  between  these  values  is  due  chiefly  to 
the  causes,  already  explained,  for  the  departure  of  the  harmonic 
law  from  absolute  precision. 

The  following  are  the  estimates  of  the  mass  of  the  planet  ob- 
tained by  processes  susceptible  of  greater  precision : — 


Laplace 

Nicolai 

Airy 

SanUni 

Bessel 


1070. 

1054. 

1048-69. 

1050. 

1046. 


The  last  three  computations  were  conducted  on  principles 
such  as  to  secure  the  greatest  attainable  precision,  and  these 
estimates  are  confirmed  by  observations  on  the  perturbations 
produced  by  Jupiter  on  the  smaller  planets. 

Since  the  mass  of  the  sun  is  about  355,000  times  that  of  the 
earth,  while  it  is  only  1050  times  that  of  Jupiter,  it  follows, 
that  the  mass  of  Jupiter  exceeds  that  of  the  earth  in  the  ratio  of 
3550  to  10-50,  or  838  to  1. 

The  comparatively  great  mass  of  Jupiter  explains  the  very 
short  periods  of  his  satellites  compared  with  that  of  the  moon. 

At  greater  distances  from  Jupiter  than  that  of  the  moon  from 
the  earth,  they  nevertheless  revolve  in  periods  much  shorter 
than  that  of  the  moon,  and  are  affected  by  centrifugal  forces, 
which  exceed  that  of  the  moon  in  a  ratio  which  may  be  deters 
mined  by  the  periods  and  distances,  and  which  mtist  be  resisted 
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by  the  attraction  of  a  central  mass  proportionally  greater  than 
that  of  the  earth.  It  would  he  easy  to  show  that,  if  the  earth 
were  attended  by  a  similar  system  of  moons^  at  like  distances 
from  its  centre,  their  periods  would  be  about  eighteen  times 
greater  than  those  of  Jupiter's  satellites. 

2772.  Their  mutual  perturbations, — The  mutual  attractions 
of  the  masses  of  the  satellites,  and  the  inequality  of  the  attraction 
of  the  sun  upon  them,  produce  an  extremely  complicated  system 
of  disturbing  actions  on  their  motions,  which  has  nevertheless 
been  brought  with  great  success  under  the  dominion  of  analy- 
sis by  Laplace  and  Lagrange.  This  is  especially  the  case  with 
the  three  inner  satellites,  whose  motions,  but  for  this  cause, 
would  be  sensibly  uniform.  The  effect  of  these  disturbing  forces 
is  nevertheless  mitigated  and  limited  by  the  very  small  excen* 
tricities  and  inclinations  of  the  orbits  of  the  satellites. 

2773.  Density,  —  The  volume  of  Jupiter  being  greater  than 
that  of  the  earth  in  the  ratio  of  1400  to  1,  while  its  mass  is 
greater  in  the  inferior  ratio  of  338  to  1  nearly,  it  follows,  that 
the  density  of  the  matter  composing  the  planet,  is  less  than  the 
mean  density  of  the  earth  in  the  ratio  of  the  above  numbers. 
We  have,  therefore — 


d 


1400 


=  0-2415. 


Its  mean  density  is,  therefore,  less  than  one-fourth  of  that  of 
the  earth;  and  since  the  mean  density  of  the  earth  is  6*67 
times  that  of  water,  the  density  of  Jupiter  is  1*37  times  that  of 
water. 

2774.  Masses  and  densities  of  the  satellites.  —  The  masses  of 
the  satellites  are  determined  by  their  mutual  disturbances,  by 
means  of  the  general  principle  explained  in  (2637),  and  the 
densities  are  deduced  as  usual  from  a  comparison  of  these 
masses  with  their  volumes.  In  the  following  table  are  given 
the  masses  as  compared  with  the  primary  and  with  the  earth, 
and  their  densities  as  compared  with  the  earth  and  with  water. 
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00000173 
00000232 
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Thus  it  appears  that  the  density  of  the  matter  composing 
these  satellites,  is  much  smaller  than  those  of  anj  other  bodies 
of  the  system,  whose  densities  are  known. 

It  follows,  therefore,  that  the  first  satellite  must  be  composed 
of  matter  which  is  twice  as  light  as  cork,  the  density  of  which 
is  0*240 ;  and  that  of  the  third,  which  consists  of  the  heaviest 
matter,  is  not  more  dense  than  the  lightest  sort  of  wood,  sach, 
for  example,  as  the  COTumon  poplar,  whose  density  is  0*383 
(787). 

It  is  remarkable  that  this  extremely  small  degree 'of  density 
is  not  foand  in  the  earth's  satellite,  the  density  of  which,  though 
less  than  that  of  the  earth,  is  still  more  than  twice  the  density 
of  water. 

The  planets  Mercury  and  Mars,  which  are  so  nearly  of  the 
same  magnitudes  as  the  third  and  fourth  satellites,  show,  in 
a  striking  manner,  the  difference  of  the  matter  composing  them 
by  the  great  difference  of  their  densities.  The  mean  specific 
weight  of  the  materials  composing  these  planets,  is  nearly  the 
same  as  that  of  those  which  compose  the  earth,  while  the 
materials  of  the  third  satellite  are  thirteen  times,  and  that  of 
the  fourth  twenty-five  times  lighter. 

2775  Superficial  gravity  on  Jupiter. — The  gravity  by  which 
bodies  placed  on  the  surface  of  this  planet  are  affected,  omitting 
the  consideration  of  the  modifying  effects  of  its  spheroidal  form 
and  its  rotation,  may  be  computed  by  means  of  its  mass,  and 
its  mean  semi-diameter  by  the  method  already  explained. 

Let  m'  =  Jupiter's  mass,  that  of  the  earth  being  =  1  ; 

r^  =  Jupiter's  mean  semi-diameter,  that  of  the  earth 

being  =  1 ; 
g^  =  superficial  gravity,  that  of  the  earth  being  =z  1 ; 
we  shaU  then  have  (2647),  (2771)  — 


11*45» 


2776.  Centrifugal  force  at  JupiterU  equator,  —  In  the  case 
of  Jupiter,  owing  to  the  great  degree  of  its  oblateness  and  its 
rapid  rotation,  this  force  of  superficial  gravitation  is  subject  to 
much  greater  variation  than  on  the  earth.  To  determine  this 
variation,  it  will  be  necessary  to  compute  the  centrifugal  force 
by  which  bodies  placed  on  the  equator  of  the  planet  are  affected. 
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Let  0  =  centrifagal  foro9  related  to  the  terrestrial  gravity  as 
the  unity 
g  =  16-08  feet, 

y  sz  the  yelocitj  of  Jupiter's  equator  in  feet  per  second 
due  to  his  rotation, 
we  shall  then  have  (313)—* 

The  value  of  y  deduced  from  the  equatorial  diameter  of  the 
planet  (2756)  and  the  time  of  rotation  (2747)  is  42760;  and 
it  follows,  therefore^  that  o  =  0*234.  Deducting  this  from 
the  superficial  gravity  undiminished  bj  rotation,  already  com- 
puted (2775),  we  shidl  find  the  effective  equatorial  superficial 
gravity 

2-616  —  0-234  =  2-882. 

2777.  Variation  of  superficial  gravity  from  equator  to  pole. 
— The  well-known  theorem  of  Clairault,  already  quoted  (2384), 
by  which  the  oblateness,  the  variation  of  superficial  gravity, 
and  the  centrifugal  force  are  connected,  supplies  the  means  of 
determining  this. 

Let  e  and  tr,  as  in  2384,  express  respectively  the  fraction 
of  its  whole  length  by  which  the  equatorial  exceeds  the  polar 
diameter,  and  the  fraction  of  its  whole  weight  by  which  the 
weight  of  a  body  and  the  pole  exceeds  the  weight  of  the  same 
body  at  the  equator,  and  in  fine,  let  c  express  the  equatorial 
centrifugal  force  as  a  fraction  of  the  efi*ective  equatorial  super- 
ficial gravity.  By  the  theorem  of  Clairault,  these  three  quan- 
tities are  related  in  the  manner  expressed  in  the  following 
formula : — 

e  +  *^  =  2*5  c. 
But  from  what  has  been  already  explained  e  =  0O8, 

,  =  2^  =  9:??4^0.096; 
^      g'       2-382 

and  consequently  tr  =  0-16. 

From  whence  it  follows  that  the  weights  of  bodies  are  increased 
by  16  per  cent  when  transferred  from  the  pole  to  the  equator. 

A  mass  of  matter,  therefore,  which  upon  the  earth's  surface 
would  weigh  1000  pounds,  would  weigh,  if  placed  upon  Jupi- 
ter's equator,  2382  pounds,  and  if  placed  at  his  pole,  would 
weigh  2763  pounds. 
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The  height  through  which  a  body  would  fall  in  a  second 
would  be  1608  x  2382  =  38-3  feet  at  its  equator,  and  44-4 
at  the  pole. 

The  length  of  a  seconds  pendulum  varies  in  the  exact  ratio  of 
the  forces  of  gravity  which  produce  its  vibration  (542);  and 
if  the  length  of  the  seconds  pendulum  on  the  surface  of  the 
earth  be  taken  in  round  numbers  as  39  inches,  that  of  a  seconds 
pendulum  at  Jupiter's  equator  would  be  39  x  2-382  =  92-91 
inches,  and  at  the  poles  107-77  inches. 

2778.  Density  must  increase  from  the  surface  to  the  centre. — 
It  is  easy  to  show  that  the  oblateness  of  Jupiter  is  incompatible 
with  the  supposition  of  his  uniform  density.  It  was  demon- 
strated by  Newton  that,  if  the  earth's  density  were  uniform, 
its  oblateness  would  be  -q^jj ;  and  the  same  would  be  true  of 
any  spheriod  of  uniform  density,  revolving  on  its  axis  in  the 
same  time.  But  the  oblateness  will  be  increased  in  the  same 
ratio  as  the  square  of  the  time  of  rotation  and  as  the  density 
are  diminished.  If,  therefore,  b  express  the  time  of  rotation 
of  Jupiter,  that  of  the  earth  being  1,  and  d  the  mean  density  of 
Jupiter,  that  of  the  earth  being  1,  the  oblateness  which  the 
planet  would  have  if  its  density  were  uniform  would  be — 

^  ""  230  ^  e2  ^  d' 
But  B  =  2"^  and  rf  =  0-228  ;  therefore 

e=       ^'^^'       =0-1104. 
230  X  0-228 

But  the  oblateness  deduced  from  observation  being  only  0*08,  it 
follows  that  the  density  cannot  be  uniform. 

It  is  easy  to  perceive  that,  if  the  density  augmented  from  the 
centre  to  the  surface,  the  effect  of  the  centrifugal  force  upon  the 
component  parts  of  the  mass  would  have  a  tendency  to  render 
the  oblateness  still  greater  than  it  would  be  with  the  same  mass 
having  an  uniform  density.  Since,  therefore,  the  actual  oblate- 
ness is  incompatible  either  with  an  uniform  density,  or  with  a 
density  decreasing  from  the  surface  to  the  centre,  it  follows 
that  the  density  must  increase  from  the  surface  to  the  centre. 

The  mean  density  of  the  planet  being  0-228,  it  follows,  there- 
fore, that  the  mean  density  of  the  superficial  stratum  must  be 
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less  than  this,  though  in  what  proportion  cannot  be  determined 
bj  these  data. 

If  the  mean  superficial  density  of  Jupiter  bear  the  same  pro- 
portion to  the  mean  density  of  its  entire  mass,  as  the  mean 
superficial  density  of  the  earth  bears  to  the  mean  density  of  its 
entire  mass,  it  will  follow,  that  the  mean  superficial  density  of 
Jupiter  will  be  half  its  mean  density,  and  will,  consequently,  be 
01 14;  and  since  the  mean  density  of  the  earth  related  to  that 
of  water  as  the  unit,  is  5*67,  it  would  follow  upon  this  suppo- 
sition, that  the  actual  mean  density  of  the  superficial  stratum  of 
Jupiter  would  be  0*114  =  567  =  0*645. 

Water,  which  discharges  so  many  important  functions  in  the 
physical  economy  of  the  earth,  has  a  specific  gravity  2*8  times 
less  than  the  mean  specific  gravity  of  the  superficial  stratum  of 
the  globe.  If  a  like  fluid  on  Jupiter,  serving  like  purposes,  be 
similarly  related  to  the  mean  density  of  its  surface,  its  specific 
would  therefore  be — 

0*645      ^^^ 

which  would  be  more  than  three  times  lighter  than  sulphuric 
ether,  the  lightest  known  liquid,  and  nearly  equal  in  levity  to 
cork. 

2779.  Utility  of  the  Jovian  system  as  an  illustration  of  the 
solar  system, — It  is  not  merely  as  a  model  on  a  small  scale  of  the 
solar  system,  so  far  as  relates  to  the  analogy  presented  by  the 
motions  of  the  satellites  round  Jupiter  to  the  motion  of  the  planets 
round  the  sun,  and  the  striking  confirmation  of  the  theory  of  gra- 
vitation afforded  by  the  exhibition  of  the  play  of  Kepler*s  Laws, 
that  the  Jovian  system  is  to  be  regarded  with  interest  by  the 
physical  astronomer.  All  the  effects  of  the  reciprocal  gravitation 
of  the  planets  one  upon  another,  which  mathematicians  have  suc- 
ceeded in  explaining  upon  the  principles  of  the  theory  of  gravita- 
tion, all  the  perturbations  and  inequalities,  many  of  which,  in  the 
case  of  the  planets,  will  take  thousands  of  centuries  to  complete 
their  periods  and  re-commence  their  course,  all  these  are  exhibited 
on  a  greatly  reduced  scale  in  the  Jovian  system.  As  the  central 
mass  is  reduced  in  a  thousand-fold  proportion,  and  the  distances  of 
the  bodies  revolving  round  it  in  a  still  greater  ratio,  the  cycles  of 
the  perturbations  and  inequalities  are  similarly  reduced.  Mil- 
lions of  years  are  reduced  to  thousands,  centuries  to  months, 
months  to  days^  days  to  hours.      Phenomena,  the  periods  of 
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which  would  far  sarpass,  not  the  life  of  man  onlj,  bat  the 
whole  extent  of  time  embraced  within  human  records  and  tnu 
ditions,  are  reprodaced  and  completed  in  this  miniature  system, 
within  such  moderate  limits  of  time  as  to  bring  them  within  the 
scope  of  actual  observation.  The  analyst  is  thus  enabled  to  see 
practically  verified,  those  conditions  of  equilibrium  and  stability, 
which  it  would  take  countless  ages  to  develope  in  the  solar 
system. 

n.  Satcbn. 

2780.  Satumian  si/stem.  —  Beyond  the  orbit  of  Jupiter  a 
space  but  little  less  in  width  than  that  which  separates  that 
planet  from  the  sun  is  unoccupied.  At  its  limit  we  encounter 
the  most  extraordinary  object  in  the  system,  —  a  stupendous 
globe,  nearly  nine  hundred  times  greater  in  volume  than  the 
earth,  surrounded  by  two,  at  least,  and  probably  by  several  thin 
fiat  rings  of  solid  matter,  outside  which  revolve  a  group  of  eight 
moons ;  this  entire  system  moving  with  a  common  motion  so 
exactly  maintained,  that  no  one  part  falls  upon,  overtakes,  or  is 
overtaken  by  another,  in  their  course  around  the  sun. 

Such  is  the  Satubnian  system,  the  central  body  of  which 
was  known  as  a  planet  to  the  ancients,  the  annular  appendages 
and  satellites  being  the  discovery  of  modem  times. 

2781.  Period.  — By  the  usual  methods  the  period  of  Saturn 
has  been  ascertained  to  be  10759-22  days,  or  29*48  years. 

2782.  Heliocentric  motion,  —  The  mean  heliocentric  motion 
is  therefore 


|0 


^  =  12.23»  annually. 

=  1-018**  monthly. 
=  0033°  =  2'  daily. 

2783.  Synodic  motion.  —  The  apparent  mean  daily  motion 
of  the  sun  being  O^dSG'^,  the  mean  daily  synodic  motion,  or  its 
mean  daily  increment  of  elongation,  is 

0-9856''  -  0-033'^  =  0-9526** : 

and  the  synodic  period  is  therefore 

oli-6  =  ^"-^^«^- 
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Tlie  interval  between  the  successiye  oppositions  of  the  pUnet 
is  therefore  a  year  and  thirteen  days. 

2784.  IHatanee,  —  The  mean  distance  from  the  sun  may  be 
determined  by  the  harmonic  law.    We  have 
(24-48)«=(9-54)». 

The  distance  is  therefore  9*54 ;  or 
more  exactly  9o387861,  that  of 
the  earth  being  =  1. 

Taking  the  earth's  mean  distance 
as  95  millions  of  miles,  that  of  Sa- 
turn will  then  be  906  millions  of 
miles. 

The  eccentricity  of  Saturn's  orbit 
being  0*056,  this  distance  is  liable 
to  variation,  being  augmented  in 
aphelion,  and  diminished  in  peri- 
helion, by  a  twentieth  of  its  whole 
amount.  The  greatest  distance  of 
the  planet  from  the  sun  is  there- 
fore 950,  and  the  least  is  850,  mil- 
lions of  miles. 

2785.  Relative  scale  of  orbit  and 
distance  from  the  earth.  —  The 
relative  proportion  of  the  orbits  of 
Saturn  and  the  earth  are  repre- 
sented in  fig.  757. ,  where  E  e'  e" 
is  the  earth's  orbit,  and  s  s'  Saturn's 
distance  from  the  sun.  The  four 
positions  of  the  earth  indicated  are, 

E    when  the  planet   is   in   oppo- 
sition. 

"b!"  when  the  planet  is  in  conjunc- 
tion. 

b'    in  quadrature  west  of  the  sun. 
p.    _-  vf'  in  quadrature  east  of  the  sun. 

2786.  Annual  parallax  of  Saturn.  —  Since  s  s'  is  9'54  times 
8£%  we  shall  have  for  the  angle  s'^se^ 
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The  semi-diameter  of  the  earth's  orbit  therefore  subtends  at 
Saturn  an  angle  of  only  6°«  The  apparent  diameter  of  a  globe* 
which  would  fill  the  entire  orbit  of  the  earth  seen  from  Satnm, 
would,  therefore,  be  no  more  than  12%  or  twenty-four  times  the 
apparent  diameter  of  the  sun  as  seen  from  the  earth. 

2787.  Great  scale  of  the  orbital  motion,  —  The  distance  of 
Saturn  from  the  sun  is  therefore  so  enormous,  that  if  the  whole 
earth's  orbit,  measuring  nearly  200  millions  of  miles  in  dia- 
meter, were  filled  with  a  sun,  that  sun  seen  from  Saturn  would 
be  only  about  twenty-four  times  greater  in  its  apparent  dia- 
meter than  is  the  actual  sun  seen  from  the  earth.  A  cannon 
ball  moving  at  600  miles  an  hour  would  take  91,000  years, 
and  a  railway  train  moving  50  miles  an  hour  would  take 
910,000  years  to  move  from  Saturn  to  the  sun.  Light,  which 
moves  at  the  rate  of  nearly  200,000  miles  per  second,  takes  5 
days^  18  hours,  and  2  minutes  to  move  over  the  same  distance. 
Tet  to  this  distance  solar  gravitation  transmits  its  mandates, 
and  is  obeyed  with  the  utmost  promptitude  and  the  most  un- 
erring precision. 

Taking  the  diameter  of  Saturn's  orbit  at  1800  millions  of 
miles,  its  circumference  is  6650  millions  of  miles,  over  which  it 
moves  in  10,759  days.  Its  daily  motion  is  therefore  525,140 
miles,  and  its  hourly  21,880  miles. 

2788.  Division  of  synodic  period,  —  Since  the  angle  e's's  = 
6%  the  angle  ese'  =  84''  and  b'se'"  =  96°,  Since  the  synodic 
period  is  378  days,  the  intervals  between 

opposition  and  quadrature  =  gg^  x  378  =  88*2, 

96 
conjunction  and  quadrature  =  ggg  x  378  =  100-8. 

It  appears,  therefore,  that  in  88  days  after  its  opposition  the 
planet  is  in  its  eastern  quadrature,  and  passes  the  meridian 
about  6  in  the  afternoon*  After  a  further  interval  of  101  days 
it  arrives  at  conjunction  ;  after  which  it  acquires  western  elon- 
gation, passing  the  meridian  in  the  forenoon ;  and  at  101  days 
from  conjunction  it  attains  its  western  quadrature,  passing  the 
meridian  at  about  6  a.  m.  After  another  interval  of  88  days  it 
returns  to  opposition. 

2789.  No  phases, — It  is  evident  from  what  has  been  ex- 
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plained  in  relation  to  Jupiter  (2738),  that  neither  Satam  nor 
anj  more  distant  planet  can  have  sensible  phases. 

2790.  Variatian  of  the  planers  disianfie/rom  the  earth.  ^^ 
The  distances  of  Saturn  from  the  earth  are  therefore 

s'r    =906—95=811     millions  of  miles  in  opposition. 
8' £'"=906+95=1001  millions  of  miles  in  conjunction, 
s'e'  =    ,   •   •  =900*6  millions  of  miles  in  quadrature. 

These  distances  are  subject  to  some  variation,  owing  to  the  ec- 
centricities of  the  orbits  of  Saturn  and  the  earth.  The  amount 
of  this  variation,  arising  from  the  eccentricity  of  Saturn's  orbit, 
is>  as  has  been  shown,  100  millions  of  miles.  The  variation  due 
to  the  earth's  orbit  is  comparatively  small,  being  under  two 
millions  of  miles. 

2791.  Stations  and  retrogression, '^Tiom  a  comparison  of 
the  orbital  motion  and  varying  distance  between  the  earth  and 
Saturn,  it  appears  that  the  stations  of  the  planet  take  place  at 
about  65  days  before  and  after  opposition.  Since  the  earth 
gains  upon  the  planet  at  the  mean  rate  of  0*9526°  per  day,  the 
angle  at  the  sun  corresponding  to  65  days  will  be 

0-9526**  X  65  =  61  •92**; 

which  corresponds  to  an  elongation  of  113^.     The  planet  is 
therefore  stationary  at  elongation  67°  east  and  west  of  oppo« 
sition. 
Its  arc  of  retrogression  varies  from  6°41'  to  6°55'. 

2792.  Apparent  and  real  diameter, — This  planet  appears  as 
a  star  of  the  first  magnitude,  with  a  faint  reddish  light.  Its 
apparent  brightness,  compared  with  that  of  Mars,  is  greater 
than  that  which  is  due  to  their  apparent  magnitudes  and  dis- 
tances, a  circumstance  which  is  explained,  as  in  the  case  of 
Jupiter,  by  the  more  feebly  reflective  power  of  the  surface  of 
Mars. 

The  disk  is  visibly  oval,  and  traversed  like  that  of  Jupiter  by 
streaks  of  light  and  shade  parallel  to  its  greater  axis ;  but  these 
belts  are  much  more  faint  and  less  pronounced  than  those  of 
Jupiter.  One  principal  grey  belt,  which  lies  along  the  greater 
axis  of  the  disk,  is  almost  unchangeable. 

Sir  William  Herschel  imagined  that  the  disk  had  the  form  of 
an  oblong  rectangle,  rounded  at  the  comers,  the  length  being 
in  the  direction  of  the  belts.    More  recent  observations  and 

jn.  B 
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micrometrical  measnrements  made  at  Koqigsburg,  hj  Professor  i 
Bessel,  and  at  Greenwich  by  Mr.  Main,  have  shown,  however, 
the  true  form  to  be  an  ellipse.  According  to  these  measures 
the  apparent  magnitude  of  the  greater  axis  of  the  disk  is  17'053'^ 
and  that  of  the  lesser  axis  16*394'^  The  observations  of  Pro- 
fessor Struve,  made  with  the  Dorpat  instruments,  give  17*991 
for  the  greater  axis  ;  the  difference  of  the  two  estimates  0*938 
being  less  than  a  second. 

At  the  mean  distance  of  Saturn  the  linear  value  of  a  second  is 

906000000        .__^  ^ 
2*06265     =  ^^^'^ 

The  actual  magnitude  of  the  greater  axis  would  therefore  be 

4392*5  X  17-053  =  74900  Bessel. 
4392-5  X  17*991  =  79160  Struve. 

The  oblateness  expressed  as  a  fraction  of  the  greater  axis  is 
0O97,  or  a  little  less  than  a  tenth. 

The  lesser  axis  of  the  planet  therefore,  aecording  to  Stmve, 
measures  71,100  miles,  and  the  mean  diameter  75,000  miles. 

2793.  Swrfaee  and  volume.  —  Taking  the  mean  diameter  of 
the  planet  as  9*46,  that  of  the  earth  being  I,  the  surface  will  be 
9*46*  =  89*5,  and  the  volume  9*46>  =  847  times  greater  than 
those  of  the  earth. 

The  relative  volumes  of  Saturn  and  the  earth  are  represented 
in^.  758. 


Fi^.  758. 

2794.  Diurnal  roimtion.  —  From  observations  on  the  appa^ 
rent  motion  of  spots  on  the  disk  of  the  planet  it  has  been  ascer,. 
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tained  to  have  a  motion  of  rotation  upon  the  shorter  axis  of  the 
ellipse  formed  by  its  disk  in  10^-  29"^'  17«*  A  terrestrial  day 
is  therefore  equal  to  2*3  Satumian  days. 

2795.  IncUnation  cf  the  tucis  to  the  orbit  —  The  general 
direction  of  the  motion  of  rotation  has  been  ascertained  to  be 
such,  that  the  inclination  of  the  equator  of  the  planet  to  the 
plane  of  the  orbit  is  26"^  48'  40'^  and  its  inclination  to  the  plane 
of  the  ecliptic  is  28^  l(f  47-7". 

The  axis,  like  that  of  the  earth,  and  those  of  the  other 
planets,  whose  rotation  has  been  ascertained,  is  carried  parallel 
to  itself  in  the  orbital  motion  of  the  planet. 

The  consequence  of  this  arrangement  is  that  the  year  of 
Saturn  is  yaried  by  the  same  succession  of  seasons  subject  to 
the  same  range  of  temperature  as  those  which  prevail  on  our 
globe. 

2796.  Satumian  days  and  nights.  Year,  —  The  alternation 
of  light  and  darkness  is  therefore  nearly  the  same  as  upon 
Jupiter.  This  rapid  return  of  day,  after  an  interval  of  five 
hours  night,  seems  to  assume  the  character  of  a  law  among  the 
migor  planets,  as  the  interval  of  twelve  hours  certainly  does 
among  the  minor  planets. 

The  year  of  Saturn  is  equal  in  duration  to  10,759  terrestrial 
days,  or  to  258,192  hours.  But  since  a  terrestrial  day  is  equal 
to  2*3  Saturnian  days,  the  number  of  Satumian  days  in  the  Sa- 
tumian year  must  be  247,457. 

2797.  Belts  and  atmosphere,  —  Streaks  of  light  and  shad<^ 
parallel  in  their  general  direction,  to  the  planet's  equator  have 
been  observed  on  Saturn  similar,  in  all  respects,  to  the  belts  of 
Jupiter,  and  affording  like  evidence  of  an  atmosphere  surround- 
ing the  planet,  attended  with  the  like  system  of  currents 
analogous  to  the  trades.  Such  an  inference  involves^  as  in  the 
former  case,  the  admission  of  liquid  producing  vapour  to  form 
clouds  and  other  meteorological  phenomena. 

2798.  Solar  Ught  and  heat,  —  The  apparent  diameter  of  the 
sun  as  seen  from  Saturn  is  9*54  times  less  than  as  seen  from  the 
earth ;  and  since  its  mean  apparent  diameter,  as  seen  from  the 
earth,  is  1923'',  its  apparent  diameter,  as  seen  from  Saturn, 
must  be 
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^^  =  201"-57  =  3'2r'-57. 
The  comparative  apparent  magnitudes  are  represented  in 
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Jig.  759«,  where  k  represents  the  disk  of  the  sun  as  seen  froift 
the  earth,  and  s  as  seen  from  Saturn. 


Fig.  759. 

The  intensitj  of  solar  light  is  less  in  the  ratio  of  1  to  9*54' 
s  91 ;  and  its  optical  and  calorific  influences  with  this  reduced 
intensity  are  subject  to  the  observations  already  made  in  the 
case  of  Jupiter  (2744), 

2799.  Rings, — The  invention  of  the  telescope  having  invested 
astronomers  with  the  power  of  approaching,  for  optical  purposes, 
hundreds  of  times  closer  to  the  objects  of  their  observation,  one 
of  the  earliest  results  of  the  exercise  of  this  improved  sense  was 
the  discovery  that  the  disk  of  Saturn  differed  in  a  remarkable 
manner  from  those  of  the  other  planets  in  not  being  circular.  It 
seemed  at  first  to  be  a  fattened  oblong  oval,  approaching  to  the 
form  of  an  elongated  rectangle,  rounded  off  at  the  corners.  As 
the  optical  powers  of  the  telescope  were  improved,  it  assumed 
the  appearance  of  a  great  central  disk,  with  two  smaller  disks, 
one  at  each  side  of  it.  These  lateral  disks,  in  fine,  took  the  ap- 
pearance of  handles  or  ears,  like  the  handles  of  a  vase  or  jar, 
and  they  were  accordingly  called  the  ansae  of  the  disk,  a  name 
which  they  still  retain.  At  length,  in  1669,  Huygens  explained 
the  true  cause  of  this  phenomenon,  and  showed  that  the  planet 
is  surrounded  by  a  ring  of  opaque  solid  matter,  in  the  centre  of 
which  it  is  suspended,  and  that  what  appear  as  anssB  are  those 
parts  of  the  ring  which  lie  beyond  the  disk  of  the  planet  at 
either  side,  which  by  projection  are  reduced  to  the  form  of  the 
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parts  of  an  ellipse  near  the  extremities  of  its  greater  axis,  and 
that  the  open  parts  of  the  ansie  are  produced  bj  the  dark  sky 
visible  through  the  space  between  the  ring  and  the  planet* 

The  improved  telescopes  and  greatly  multiplied  number,  and 
increased  zeal  and  activitj  of  observers,  have  supplied  mucl^ 
more  definite  information  as  to  the  form,  dimensions,  structure, 
and  position  of  this  most  extraordinary  and  unexampled  ap-* 
pendage. 

It  has  been  ascertained,  that  it  consists  of  an  annular  plate  of 
matter,  the  thickness  of  which  is  very  inconsiderable  compared 
with  tlie  superficies*  It  is  nearly,  but  not  precisely  concentric 
with  the  planet  and  in  the  plane  of  its  equator.  This  is  proved 
by  the  coincidence  of  the  plane  of  the  ring  with  the  general  di« 
rection  of  the  belts,  and  with  that  of  the  apparent  motion  of  the 
spots  by  which  the  diurnal  rotation  of  the  planet  has  been 
ascertained. 

When  telescopes  of  adequate  power  are  directed  to  the  ring 
presented  under  a  favourable  aspect,  dark  streaks  are  seen  upon 
its  surface  similar  to  the  belts  of  the  planet.  One  of  these 
having  been  observed  to  have  a  permanence  which  seemed  in- 
compatible with  the  admission  of  the  same  atmospheric  cause  as 
that  which  has  been  assigned  to  the  belts,  it  was  conjectured 
that  it  arose  from  a  real  separation  or  division  of  the  ring  into 
two  concentric  rings  placed  one  within  the  other.  This  con« 
jecture  was  converted  into  certainty  by  the  discovery,  that  the 
same  dark  streak  is  seen  in  the  same  position  on  both  sides  of 
the  ring*  It  has  even  been  affirmed  by  some  observers  that 
stars  have  been  seen  in  the  space  between  the  rings ;  but  this 
requires  confirmation.  It  is,  however,  considered  as  proved, 
t)iat  the  system  consists  of  two  concentric  rings  of  unequal 
breadth,  one  placed  outside  the  other  without  any  mutual 
contact. 

The  plane  of  the  rings,  being  always  at  right  angles  to  the  axis 
of  the  planet,  is,  like  the  axis,  carried  by  the  orbital  motion  of 
the  planet  parallel  to  itself,  so  that  during  the  year  of  Saturn, 
it  undergoes  changes  of  position  in  relation  to  the  radius  vector 
of  the  planet,  or  to  a  line  drawn  from  the  sun  analogous  to  those 
which  the  earth^s  equator  undergoes.  Since  the  plane  of  the 
rings  coincides  with  that  of  the  Satumian  equator,  therefore,  it 
will  be  directed  to  the  sun  at  the  epochs  of  the  Satumian  equi- 
noxes ;  and,  in  general,  the  angle  which  the  radius  vector  from 
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ihe  sun  makes  with  the  plane  of  the  ring,  will  be  the  sun's  de- 
i^lination  as  seen  from  Saturn.  This  angle,  therefore,  at  the 
Satumian  solstices  will  be  equal  to  the  obliquity  of  Saturn's 
^uator  to  his  orbit,  that  is,  to  26**  48'  4Xy'  (2795),  and  at  the 
t^atornian  equinoxes  will  be  0^. 

2800.  JhiiUion  ofnode$  of  ring  and  melinaticn  io  eelipHcr-^ 
The  inicestigation  of  the  position  of  the  plane  of  the  ring  in 
space  was  undertaken  and  conducted  with  great  abilitj  and  suc- 
cess bj  Prof.  Bessel,  hj  means  of  an  elaborate  comparison  of  all 
the  recorded  observations  on  the  phases  of  the  ring  from  1701 
to  1832.  The  result  proved  that  the  line  of  intersection  of  the 
(»lane  of  the  ring,  and,  therefore,  that  of  the  equator  of  the 
planet,  with  the  plane  of  the  ecliptic,  is  parallel  to  that  dia- 
meter of  the  celestial  sphere,  which  connects  the  two  opposite 
points  whose  longitudes  are  166**  53' 8-9"  and  346**  53' 8-9", 
the  former  being  the  longitude  of  the  point  at  which  the  ring» 
pass  from  tlie  south  to  the  north  of  the  ecliptic,  and  which  is, 
therefore,  the  ascending  node  of  the  rings.  It  also  resulted  from 
this  investigation  that  the  angle  formed  by  the  plane  of  the  rings, 
and,  therefore,  of  the  Satumian  equator  with  the  plane  of  the 
ecUptic,  is  28**  10'  44-7''. 

^  These  longitudes  and  obliquity  were  those  which  corre* 
feponded  to  the  Ist  of  January,  1800.  It  was  shown  that  the 
nodes  of  the  ring  have  a  retrograde  motion  on  the  ecliptic  at  the 
mean  rate  of  46*462'^  per  annum. 

It  resulted  from  the  observations  of  Professor  Struve,  made 
with  the  great  Dorpat  refractor,  that  the  obliquity  of  the  plane 
bf  the  ring  to  that  of  the  ecliptic  is  28^  5'  54^',  subject  to  a  pos- 
sible error  of  6' 24". 

-  The  observations  and  measurements  of  these  two  eminent 
Astronomers  are,  therefore^  ia  as  perfect  accordance  as  the 
degree  of  perfection  to  which  the  instruments  of  observation 
have  been  brought  admits. 

2801.  OhliquUy  of  ring  to  the  planers  orbit.  —  The  position 
of  the  plane  of  the  ring  in  relation  to  the  ecliptic  being  thud 
determined,  its  position  in  relation  to  that  of  Saturn's  orbit  cati 
be  asoeliained ;  and  this  is  the  more  necessary  to  be  done,  inas^ 
much  as  considerable  discrepancy  prevails  between  the  state- 
ments of  different  authorities  respecting  this  element. 

Let  A,  Jig.  760.,  be  the  ascending  node  of  Saturn's  orbit  and 
s&/  the  ascending  node  of  the  ring,  a  a'  being  consequently  an  arc 
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of  the  ecliptic  Let  rr^  be  the  direction  of  the  plane  of  the  rip^ 
w  its  intersection  with  the.  orbit  of  the  planet,  of  which,  there- 


Fig.  76a 
fpre,  Alt  is  an  arc,  and  n  the  point  where  the  plane  of  the  ring 
intersects  that  of  the  orbit.    It  has  been  found  that  the  longi- 
tude of  ▲  is  111''  56'  37-4'';  and  since  that  of  ▲'  is  leG"*  53' 
6-9"%  we  have  aa'  =  54«  56'  31-5":    The  angle  nAA',  which  is^ 
the  obliquity  of  Saturn's  orbit,  being  2^  29"  S5'T\  and  the 
angle  nA'x,  the  obliquity  of  the  ring  to  the  orbit  being  28^ 
l(y  44-7",  it  follows,  bj  formulsB  of  sphericid  trigonometry,  that 
All  A'  or  the  obliquity  of  the  ring  to  the  orbit  of  the  planet,  is , 
iff^  48'  Wi   that  AH,  or  the  distance  of  the  intersection  of 
the  plane  of  the  ring  with  the  plane  of  the  planefs  orbit  from' 
the  ascending  node  of  t)ie  plaiie^  is  5^^  57^  3(/';  and,  in  4li^ 
the  distance  n  a  of  the  same  point  from  the  ascending  node  of 
the  ring  is  4*  32' 30", 

2802.  Conditions  which  determine  the  phases  of  the  ring,  — 
The  relation  between  the  phases  of  the  ring  and  the  position  of 
the  planet  is  easily  ascertained.  Let  a  be  the  semidiameter  of 
the  rings  as  seen  undiminished  by  projection ;  let  6  be  the  lesser 
Mmi-axis  of  the  ellipse  produced  by  the  projection  of  the  ring ; 
and  let  d  be  the  angle  which  the  visual  ray  makes  with  the 
plane  of  the  ring.  We  shall  then  have,  by  the  common  prin- 
ciples of  projection, 

ft  =  a  X  sin.  D. 

But  since  the  visual  ray  is  the  line  drawn  from  the.  planet  to 
the  earth,  it  is  evident  that  the  angle  d  will  be  the  declination 
of  the  earth  as  seen  from  the  planet.  Now,  if  l  express  the  arc 
of  the  ecliptic  between  the  earth  and  the  ascending  node  of  the 
ring  as  seen  from  the  planet,  and  o  the  obliquity  of  the  plane  of 
the  ring  to  the  ecliptic,  we  shall  have,  by  the  common  principles 
of  trigonometry. 

Sin  D  =  sin.  o  X  un.  l  ; 
»4  . 
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Bat  nnoe  the  distance  of  the  eaith  from  the  ascending  node 
as  seen  from  the  pUmet  is  equal  to  160%  diminished  bj  the  dis- 
tance of  Saturn  from  the  same  point  as  seen  from  the  earth,  !• 
may  be  taken  in  the  preceding  formula  to  express  the  latter  dis- 
tance, the  sine  being  the  same. 

If  the  position  of  the  pknet  with  relation  to  the  ascending 
node  of  the  ring  be  known,  the  preceding  formuk  will  therefcM^ 
serve  to  deduce  the  obliquitj  from  the  phase  of  the  ring,  or 
vice  versiu 

Since  o  s  28''  IC  447'^  we  shall  haye  Sin«  o  =  0-4722. 
We  shall  therefore  have 

h 

--  =  0-4722  X  sin*  t, 
a 

by  which  the  phases  of  the  ring  for  any  given  distance  from  ita 
node  may  be  computed. 

In  the  following  table  the  ratio  '  of  the  semi-azis  of  the  el- 
lipse formed  by  the  projection  of  the  ring,  and  the  ratio  ~  of 

the  lesser  semi-axis  to  the  semi-diameter  of  the  planet  are  given 
for  every  10**  from  the  node. 


L 

lOO 

HP 

SOe 

«P 

w> 

w> 

TOO 

80O 

«P 

h 

m 

h 

r 

(HMS 
0-18S 

O-Kl 

0-aeo 

OSK 

o-aos 

0-e76 

0-806 

0-40ft 

o^u 

0-444 
0-MO 

0-466 
1-04 

0-47S 
1-06 

From  this  table  it  appears  that  the  lesser  semi-axis  increases 
as  the  planet  moves  from  the  ascending  node  of  the  ring  until  it 
is  90^  from  that  point,  at  which  its  ratio  to  the  major  semi-axis 
is  that  of  472  to  1000,  being  a  little  less  than  half  the  roiyor 
semi-axis.  From  the  numbers  given  in  the  third  line  of  the 
table  it  appears  that  the  lesser  semi-axis  becomes  equal  to  the 
equatorial  semidiameter  of  the  planet  at  about  71^  from  the 
ascending  node  of  the  ring,  and  exceeds  it  by  a  twentieth  of  its 
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length  mt  90^  But  as  the  pohur  diameter  of  the  planet  is  les^ 
bj  a  tenth  than  the  equatorial,  it  follows*  that  at  90°  from  the 
node  of  the  ring  the  lesser  semi-axis  exceeds  the  polar  semi- 
diameter  of  the  planet  by  an  eighteenth  of  its  length,  it 
follows,  therefore,  that  a  corresponding  breadth  of  the  ring  will, 
in  this  case,  be  visible  above  the  disk  of  the  planet. 

Since  the  entire  breadth  of  the  rings  is  three-fourths  of  the 
semi-diameter  of  the  planet,  and  since  thej  are  reduced  one-half 
by  foreshortening  their  apparent  breadth  measured  in  the  direc- 
tion  of  the  lesser  axis  of  the  ellipse  at  90^  from  the  node  is 
three-eighths  of  the  semidiameter  of  the  planet,  it  follows, 
therefore,  that  a  seventh  part  qf  the  entire  breadth  of  the  rings 
is  visible  above  the  disk  of  the  planet  at  90°  from  the  node,  the 
entire  upper  segment  of  the  disk  being  prcjected  upon  the  ring. 

From  90°  to  the  descending  node  of  the  ring  the  like  phases 
are  presented  in  a  contrary  order ;  and  while  the  planet  moves 
from  the  descending  to  the  ascending  node  a  similar  series  of 
phases  are  presented ;  tlie  position  of  the  plane  of  the  ring  with 
relation  to  the  poles  of  the  planet,  however,  being  reversed,  that 
which  is  in  one  case  interposed  between  the  observer  and  the 
northern  hemisphere  of  the  planet  will  be  interposed  in  the 
otiier  cases  between  him  and  the  southern  hemispliere. 

In  the  diagrams y?;$r«.  761 — 765.,  the  phases  of  the  rings  indi* 
cated  in  the  preceding  table  are  exhibited. 

If  the  thickness  of  the  ring  were  uniform  and  sufficiently 
great  to  subtend  a  sensible  visual  angle  at  Saturn's  distance,  the 
phase  presented  to  the  planet  at  the  nodes  of  the  ring  would  be 
such  as  that  represented  in  Jig.  76U  JShe  phases  at  1,  2,  4,  and 
6-7  years,  after  passing  the  nodes,  are  roughly  sketched  in 
^gs.  761—765. 


Fig.  761. 
m  9 
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Fig  762. 


Fig.  763. 


i"  ig.  764. 


ng.  /oa. 


2803.  Apparent  and  real  dim^sions  of  (he  rings,  —  The 
breadth  of  the  rings  as  well  as  of  the  intervals  which  separate 


Digitized  by 


Google 


THE  MAJOR  PLANETS. 


871 


them  from  each  other  and  from  the  planet,  have  heen  submitted 
to  very  precise  micrometric  observations ;  and  the  results  ob«^ 
tained  by  different  observers  do  not  differ  from  each  other  by  a 
fortieth  part  of  the  whole  quantity  measured*  In  the  following 
table  are  given  the  results  of  the  micrometric  observations  of 
Professor  Struve,  reduced  to  the  mean  distance. 


Interior          do.                   do. 
-Breftdtb  of  exterior  rint     -          -          - 
Exterior  Mini.dUmat«r  or  iuterior  ring  • 
Interior          do.                    do. 
Breadth  of  Interior  ring     .          .          .          . 
Width  of  interral  between  the  ring* 
,   Width  of  Intervnl  between  planet  and  Interior  ring 

Mite. 

r 

a 

*'-r 
•  -A* 

«"^99i 

I7-644 
i-4(a 
I7»7 

S.9(« 

0-407 

.    4-8a9 

671S 

l-ooo 

1-961 

o-aes 

1-916 
l-4» 
0-484 
0-045 

o-4n 

0747 

mimi 

The  relative  dimensions  of  the  two  rings,  and  of  the  pUinet 
within  them,  are  represented  in  Jig»  766.,  projected  upon  the 


Fig.  766. 
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oommoD  plane  of  the  rings  and  the  planet's  equator.  Eadi 
dirision  of  the  subjoined  scale  represents  5,000  miles. 

The  yisoal  angle  sabtended  at  the  earth  bj  the  extreme  dia- 
meter of  the  external  ring,  when  the  planet  is  in  oppoeitiony  is 
43^\  which  is  about  one  thirtj-seventh  part  of  the  moon's  ap- 
parent diameter. 

2804.  ThiekMUMM  ^  the  rings. — The  thickness  of  the  rings  is 
so  extremely  minute,  that  the  nicest  micrometric  observations 
have  hitherto  failed  to  supply  the  data  necessarj  to  determine 
it  with  an  J  degree  of  precision  or  certaintj*  It  is  so  inconsi* 
derable,  that  when  the  plane  of  the  ring  is  directed  to  the  earthy 
and,  consequently,  the  edge  alone  is  presented  to  the  eye,  it  is 
invisible  even  with  telescopes  of  great  power,  or,  if  seen,  it  is 
so  imperfectly  defined  as  to  elude  all  micrometric  observation* 
When  it  was  in  this  position  in  1833,  Sir  J.  Herschel  observed 
it  with  a  telescope,  which  would  certainly  have  rendered  dis* 
tincUy  visible  a  line  of  light  one  twentieth  of  a  second  in 
breadth.  Since  the  linear  value  of  V^  at  Saturn's  mean  dis- 
tance is  about  4400  miles,  it  would  follow  that  the  thickness  is 
less  than  220  miles.  Sir  J.  Herschel  admits,  however,  that  it 
may  possibly  be  so  great  as  260  miles. 

The  thickness  is,  therefore,  certainly  less  than  the  100th  part 
of  the  extreme  breadth  of  the  two  rings,  and,  according  to  the 
scale  on  which  the  Jig.  752.  is  drawn,  it  would  be  represented 
by  the  thickness  of  a  leaf  of  the  volume  now  before  the  reader. 

2805.  lUuminaHon  of  the  ring. — Heliocentric  phases. — The 
illumination  of  the  rings  is  determined  by  the  phases  under 
which  they  would  be  viewed  from  the  sun.  There  the  illumi- 
nating and  the  visual  rays  are  identical,  and  their  direction  is 
that  of  the  radius  vector  of  the  planet.  The  angle  which  this 
line  makes  with  the  plane  of  the  Satumian  equator,  is  the  de- 
clination of  the  sun  as  seen  from  Saturn.  Let  this  angle  be 
expressed  by  d^,  the  distance  of  the  same  from  the  Satumian 
vernal  equinoxial  point  l',  and  the  inclination  of  the  Satumian 
equator  to  the  orbit  o'.  We  shall  then,  as  in  the  former  cas^ 
have 

SinD'=sino'x  Sini,'; 

and  if  h'  express  lesser  8emi*axes  of  the  ellipse  to  which  the 
migor  is  reduced  by  projection,  as  seen  from  the  sun,  we  shall 
have 
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— =Sin.</x«iii.  L^ 
a' 

By  this  formula  the  ratios  of  b^  to  ▲  and  r  maj  be  deter- 
mined for  all  values  of  i/.  as  in  the  former  case.    In  the  fol- 


lowing  table  these 
</=26^  48'  Afy\ 

are  given  as  they 

have  been  computed^  for 

1/ 
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400 
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¥fi 
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0-175 

0-lM 
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O-tM 
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o-sao 

0646 

0-S46 
0770 

0«0 
0*870 

0-4M 
0-946 

0-444 
0-090 

0-451 
I-006 

2806.  Shttdaw  projected  an  the  planet  by  the  rings. — Since 
the  lines  by  which  these  phases  are  determined  are  those  of  the 
solar  raysy  it  u  evident  that  the  parts  of  the  rings  intercepted 
by  the  planet,  and  those  of  the  planet  intercepted  by  the  ringS| 
are  exactly  those  which  reciprocally  bound  the  shadows  pro* 
jected  on  them. 

The  preceding  table  of  Heliocentric  phases  will  therefore 
serve  for  the  determination  of  the  limits  of  the  shadows. 

At  the  equinoxes,  the  edge  of  the  rings  being  presented  to  the 
sun,  the  shadow  projected  on  the  equator  of  the  planet  will  de* 
pend  altogether  on  the  thickness  of  the  rings,  and  the  apparent 
diameter  of  the  sun,  as  seen  from  the  planet.  The  latter  being 
only  3^,  the  solar  rays  which  touch  the  edge  of  the  thickness 
may  be  considered  as  nearly  parallel,  and  the  breadth  of  the 
shadow  will  be  nearly  equal  to  the  thickness  of  the  ring.  The 
shadow  will  therefore,  in  this  case,  be  in  a  ihin  dark  line,  ex- 
tending along  the  equator  of  the  planet,  Jig.  767.,  covering  a 


Fig.  767.  Fig.  768. 

zone  of  the  firmament  whose  breadth  must  bf  «iMQt  fifteen 
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times  greater  than  the  apparent  diameter  of  the  sun.  A  total 
aolar  eclipse  at  the  eqaator  of  the  planet  would,  therefore,  be 
produced  by  the  shadow  of  the  ring,  and  would  continue  until 
the  sun  would  gain  or  lose  44'  declination. 

When  the  planet  presents  the  phase  represented  in  Jiff.  763^ 
its  enlightened  hemisphere  would  be  traversed  hy  the  shadow 
represented  in  Jiff.  768.,  and  in  like  manner  the  shadows  pro- 


Fig,7€9,  Fig.  77a 

duced  under  the  phases  ^fifft.  764,  765,  are  represented  in  JSff$. 
769v  77a  . 

2807.  Shadow  prqfecied  by  the  planet  on  the  rinff, — The 
shadow  projected  on  the  surface  of  the  ring  bj  the  globe  of  the 
planet  .will  vary  with  the  sun*s  declination,  as  seen  from  the 
pl(inet,  because  the.  angle  at  which  the  plane  of  the  ring  is  in- 
clined to  the  axis  of  the  shadow  of  the  planet  is  equal  to  the 
declination. 

At  the  equinoxes,  the  declination  being  0^,  the  plane  of  the 
ring  pasfies  through  the  axis  of  the  shadow,  and  the  breadth  of 
the  arc  of  the  ring  on  which  the  shadow  falls  is  nearly  equal  to 
the  dia^meter  of  the  planet,  the  angle  of  the  cone  of  the  shadow 
not  exceeding  3',  since  it  is  very  nearly  equal  to  the  apparent 
diameter  of  the  sun  as  seen  from  Saturn. 

If  a  eiiMWs  Iho.  aie  of  the  external  edge-^f^tlfe  ring  on 
which  the  shadow  falis^  it  is  evident  that 

Sin.  4  a=— / 
a 

r  expressing,  as  before^  the  equatorial  semi-diameter  of  the 
planet,  and  a  the  semi-diameter  of  the  outer  edge  of  the  ring. 
The  values  ahneady  determined  being  given  to  these,  we  have 
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HeDoe  it  appears  that  acsi$8^  18^  48'^;  and  in  like  manner 
it  may  be  shown  that  the  shadow  coTers  84**  52'  of  the  inner 
edge  of  the  inne^r  ring. 

'  The  lateral  edges  of  the  shadow  in  this  case  are  rectilinear 
ittd  sensibly  parallel^  a  consequence  due  to  the  angle  of  the 
cone  being  insignificant,,/^  771. 

As  the  declination  of  the  sun  increases  the  section  of  the  cone 
of  the  shadow  by  the  plane  of  the  ring  becomes  elliptical^  and  the 
edges  of  the  shadow  on  the  ring  are  carved,^.  772.,  while  its 
breadth  is  more  eontraoted.    When  the  sun  comes  to  the  Satni^ 


Fig,  711.  Fig.  772. 


Fig.  773. 

ni:\n  solstice,  and  its  declination  is  26®  48'  40",  the  vertex 
of  the  elliptic  section  of  the  cone  falls  upon  the  outer  edge  of 
the  ring,  and  the  shadow  has  the  form  of  an  elliptic  segment 
^t  the  extremity  of  the  major  axis  of  the  ellipsej^j^r.  773. 
2808.   The  shadows  partially  visible  from  the  earth. — It  is 
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evident  that,  the  Tisual  ray  of  an  oh«enrer  pkced  on  the  aan 
coinciding  with  the  luminous  ray,  none  of  the  shadows  pro* 
duced  by  the  projection  of  the  ring  on  the  pknet  or  of  the 
pUinet  on  the  ring,  could  be  Tisible  to  him,  since  the  object 
producing  the  shadow  would  be  interposed  with  geometrical 
precision  between  his  eye  and  the  shadow.  But  if  the  ob* 
server  be  transferred  to  the  earth,  the  visual  ray  will  fimn  an 
angle  with  the  luminous  ray,  which,  though  it  cannot  in  any 
case  exceed  6^,  is  sufficient,  under  certain  circumstances  of  re* 
lative  position,  to  remove  the  observer  from  the  direction  of  the 
luminous  ray  to  such  an  extent  as  to  disclose  to  him  a  part, 
though  a  small  part,  of  the  shadow  which  to  an  observer  at  the 
sun  is  wholly  intercepted* 

In  this  manner,  when  the  planet  is  in  quadrature,  a  small 
part  of  the  shadow  it  projects  upon  the  ring  is  visible  on  the 
east  or  on  the  west  side  of  the  disk,  according  as  the  sun  is 
west  or  east  of  the  planet ;  and  in  like  manner,  the  difference  be* 
tween  the  angles  which  the  visual  and  luminous  rays  form  with 
the  plane  of  the  ring  discloses,  in  certain  cases,  a  small  breadth 
of  the  shadow  projected  on  the  planet*s  disk  by  the  ring^  which 
is  accordingly  seen  as  «  thin  dark  streak  crossing  the  disk  of 
the  planet  in  contact  with  the  ring. 

These  phenomena  prove  that  both  the  planet  and  the  ring 
consist  of  matter  having  no  light  of  their  own,  and  deriving 
their  entire  illumination  from  the  sun* 

2809*  Condiiiofu  under  which  the  ring  heeomee  ineisibie 
from  the  earth* — The  rings  of  Saturn  viewed  from  the  earth 
may  become  invisible,  either  because  the  parts  presented  to  the 
eye  are  not  illuminated  by  the  sun,  or,  being  illuminated,  have 
dimensions  too  small  to  subtend  a  sensible  visual  angle. 

It  has  been  explained  that,  in  every  position  assumed  by  the 
planet  in  its  orbital  motion,  one  side  or  the  other  of  the  rings  is 
illuminated  with  more  or  less  intensity,  except  at  the  Satumian 
equinoxes,  when,  the  plane  of  the  ring  passing  through  the  sun^ 
its  edge  alone  is  illuminated.  Owing  to  the  extreme  thinness 
of  the  plate  of  matter  composing  the  rings,  they  cease  in  this 
x^ase  to  be  visible,  except  by  feeble  and  uncertain  indications 
observed  with  high  magnifying  powers,  which  will  be  noticed 
hereafter.  It  has  been  inferred  by  Sir  John  Herschel,  from 
observations  made  with  telescopes  of  great  power,  that  the 
major  limit  of  their  possible  thickness  is  250  mile^.   The  visual 
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angle  which  this  thickness  would  subtend  at  the  distance  of 
Saturn  in  opposiUon,  is  (2790) 

250 
800,000,000    ^  206,265"  =  0-064". 

The  visual  angle  would,  therefore,  be  less  than  the  fifteenth  part 

of  a  second. 

The  rings,  therefore,  disappear  from  this  cause  at  Saturn's 

^uinoxes,  which  occur  at  interrab  of  14f  years. 

When  the  dark  side  of  the  rings  is  exposed  to  the  earth  it  is 

evident  that  the  sun  and  earth  must  be  on  opposite  sides  of  the 

plane  of  the  rings,  and  therefore  that  plane  must  have  such  a 
position  that  its  directio>n  would  pass 
between  the  sun  and  the  earth.  This 
can  only  happen  within  a  certain  limited 
distance  of  the  planet's  equinoxes. 

Let  St  fig.  774.,  represent  the  place  of 
the  sun,  xi/  the  orbit  of  the  earth,  and  p 
the  place  of  Saturn  at  the  time  of  either 
of  his  equinoxes.  From  what  has  been 
abready  explained,  it  appears  that  in  this 
position  the  edge  of  the  ring  is  presented 
to  8.  Since  the  ring  is  carried  parallel 
to  itself  in  the  orbital  motion  of  the 
planet,  the  edge  of  the  ring,  before  arriv^^ 
ing  at  the  point  p,  must  have  been  di- 
rected successively  to  the  points  of  the 
earth's  orbit  between  b  and  the  diameter 
ee^y  and,  after  passing  p,  must  be  directed 
successively  to  the  points  between  the 
diameter  ee^  and  b^  K  lines  x  p  and  b^  p^ 
be  drawn  from  b  and  vf  parallel  to  sp, 
the  edge  of  the  ring  will  be  directed 
across  some  part  of  the  earth's  orbit,  so 
long  as  the  planet  is  passing  between  p 
and  p^.  At  p  it  will  be  directed  to  e,  and 
at  p'  to  b'.  Before  arriving  at  p,  the  edge 
of  the  ringwill  be  directed  to  the  left  of 
the  earth's  orbit,  and  after  passing  p',  to 
the  right  of  it. 
Fig.  774»  It  is  evident,  thereforcy  that  before  the 
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planet  arriTei  8t  p»  whatever  be  the  poaition  of  the  earth  in  ita 
orbit,  the  earthy  at  well  at  the  son,  mutt  be  to  the  right  of  the 
direction  of  the  edge  of  the  ringt,  and  oonteqoently  on  their 
illuminated  tide;  and  after  patting  p^»  the  earth,  at  well  at  the 
tun,  mutt  be  to  the  left  of  the  edge  of  the  ringt,  and  there- 
tore  ttill  on  the  illuminated  tide.  The  ringt,  th«ref(Hre»  mutt 
everywhere  be  vitible^  except  when  the  j^anet  it  at  iur  between 
the  pointt  p  and  p^. 

When  the  j^anet  it  at  either  of  the  pointt  p  or  p^,  it  May 
happen  that  at  the  tame  moment  the  earth  it  at  the  corretpond- 
ing  point  B  or  s".  In  that  contingency  the  edge  of  the  ring, 
being  the  only  part  expoted  to  the  obterver,  would  be  invisible, 
becauae  of  itt  minutenets,  in  the  tame  manner  at  when  the 
planet  it  at  p.  In  that  cate  the  ditappearance  of  the  planet 
would  be  of  thort  duration,  becaute  the  orbital  moUon  of  the 
earth  would  toon  bring  it  on  the  enlightened  tide  of  the  ring. 
Thnt,  if  when  the  planet  it  at  p  the  earth  is  at  s,  the  latter, 
moving  much  faster  than  the  planet,  advancet  before  it,  and 
being  then  on  the  tame  tide  of  the  ring  with  the  tun,  the  illu- 
minated tide  it  exposed  to  the  earth,  and  therefore  vitible ;  and 
if  when  the  planet  it  at  p^  the  earth  it  at  k',  the  latter  moving 
towardt  e^  while  the  planet  advancet  to  the  right  of  p^,  the 
earth  and  planet  are  both  on  the  left  of  the  edge  of  the  rings, 
and,  as  before,  the  enlightened  side  of  the  rings  is  exposed  to 
the  earth,  and  they  are  therefore  visible. 

If^  while  the  f^anet  is  between  p  and  p,  the  earth,  moving 
from  €^  towards  x,  pass  through  the  point  to  which  the  edge  of 
the  rings  is  directed,  the  rings  will  after  such  passage  cease  to 
be  visible,  because  the  earth  will  then  be  on  their  dark  side. 
It  is  possible  that  after  this,  and  before  the  planet  arrives  at  p, 
the  earth,  moving  from  b  towards  e^  overtaking  the  direction  of 
tlie  edge,  may  again  pass  through  the  point  to  which  it  is  di« 
rected.  If  this  happen  the  rings  will  again  become  visible, 
because  the  earth  will  thus  pass  from  their  dark  to  their  illu<* 
minated  side. 

If  in  this  case,  while  the  earth  moves  towards  b'  and  e^,  the 
planet  pass  through  p,  the  rings  will  again  become  invisible, 
because,  their  edge  passing  from  one  side  of  the  sun  to  the  other, 
the  side  presented  towardt  b^  will  be  dark,  and  that  towardt  b 
illuminated.  If  in  this  case  the  earth,  lyioving  from  b'  towards 
c",  again  pass  through  the  pcHut  to  which  the  edge  of  the  rings 
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Is  directed,  it  will  again  pass  from  the  dark  to  the  enlightened 
ttde,  and  the  rings  will  again  become  visible. 
.  The  angle  k/»  s,  being  the  annual  parallax  of  Saturn  (2744)| 
Is  6%  and  conseqaently  sps^orpsp^is  12^  But  since  the 
annual  heliocentric  motion  of  Saturn  is  12*^*22,  the  time  of 
moving  from  p  to  p'  is 

er  about  6^  days  less  than  the  time  the  earth  takes  to  make  a 
complete  revolution,  so  that  while  the  planet  moves  from  p  to  p^ 
the  earth  moves  through  about  354^  of  its  orbit. 

It  appears,  therefore,  that  the  interval  during  which  the 
planet  is  within  such  a  distance  of  its  equinoctial  point  as  to 
render  the  disappearance  of  the  rings  from  one  or  other  of  these 
several  causes  possible,  the  earth  makes  very  nearly  a  complete 
revolution,  and  is  therefore  at  one  time  or  other  in  a  position  to 
meet  the  direction  of  the  edges  at  least  once,  and  the  relative 
position  of  it  and  the  planet  may  be  such  as  to  cause  several 
disappearances  of  the  rings  within  six  months  before  and  after 
the  Satumian  equinox.. 

All  these  various  phenomena  were  witnessed  at  the  last  Sa^ 
tumian  equinox  in  1848.  The  northern  surface  of  the  ring 
Lad  then  been  visible  for  nearly  fifteen  years.  The  motions  of 
the  planet  and  the  earth  brought  the  plane  of  the  ring  to  that 
position  on  the  22nd  of  April  in  which,  its  edge  being  presented 
to  the  earth,  it  became  invisible,  the  sun  being  still  north  of 
the  plane.  On  the  Srd  of  September  the  sun,  passing  through 
the  plane  of  the  ring,  illuminated  its  southern  surface,  and,  the 
earth  being  on  the  same  side,  the  ring  was  visible.  On  the 
12th,  the  earth  again  passing  through  the  plane  of  the  ring,  its 
liorthem  surface  was  exposed  to  the  observer,  which  was  in- 
visible, the  sun  being  on  the  southern  side.  The  ring  con- 
tinned  thus  to  be  invisible  until  the  18th  of  January,  1849, 
when,  thd.  earth  once  more  passing  through  the  plane  of  the 
ring,  the  southern  surface  illuminated  by  the  sun  came  int^ 
view.  This  side  of  the  ring  will  continue  to  be  exposed  to  both 
the  earth  and  the  sun  until  1861-2,  the  epoch  of  the  next  equi- 
nox, when  a  like  succession  of  appearances  and  disappearances 
will  take  place, — the  sun  and  earth  eventually  passing  to  the 
northern  side^  on  which  they  will  continue  for  a  Jake  interval. 
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2810.  SehnMfg  observations  and  drawings  of  Saium  wiA 
the  ring  seen  edgeways. — At  the  last  Satarniaii  equinox,  which 
took  place  in  1848,  a  series  of  observations  was  made  at  Bonn, 
the  results  of  which  have  demonstrated  the  existence  of  great 
inequalities  of  surface  on  the  rings,  having  the  character  of 
mountains  of  considerable  elevation.  The  observations  were 
made  and  published,  accompanied  bj  seventeen  drawings  of 
the  appearance  of  the  planet,  its  belts,  and  ring,  by  M.  Julius 
Schmidt,  of  the  Bonn  Observatory.* 

We  have  selected  from  these  drawings  four,  which  are  given 
in  Phite  XL 

On  the  26th  of  June,  the  planet  presented  an  appearance, 
fig.  1.,  closely  resembling  that  of  Jupiter,  except  that  a  dark  streak 
was  seen  along  its  equator,  produced  by  the  shadow  of  the  ring, 
the  earth  being  then  a  little  above  the  common  plane  of  the 
ring  and  the  sun.  A  few  feeble  streaks,  of  a  greyish  colour, 
were  visible  on  each  hemisphere,  which  however  disi^peared 
towards  the  poles.  A  very  feeble  star  was  seen  at  the 
western  extremity  of  the  ring,  which  was  supposed  to  be  one  of 
the  nearer  satellites.  The  ring  exhibited  the  appearance  of  a 
broken  line  of  light  projecting  from  each  side  of  the  planet's 
disk. 

After  this  day  the  shadow  across  the  planet  disappeared,  but 
was  again  fkintly  seen  on  the  25th  of  July. 

The  ring  continued  to  be  invisible  until  the  Srd  of  Septem* 
ber,  when  a  very  slight  indication  of  it  was  seen,  but  on  the 
next  night  it  became  distinctly  visible  with  an  interruption 
in  two  places,  as  represented  in  Jig,  2.  The  bright  equatorial 
belt  was  divided  into  two  unequal  parts  by  the  ring,  the  nor* 
them  portion  being  the  narrower.  Three  small  satellites  were 
seen  in  the  prolongation  of  the  direction  of  the  ring. 

On  the  5th,  the  ring  was  symmetrically  broken  on  both  sides^ 
Jig.S. 

On  the  7th,  the  western  side  was  divided  into  three  parts. 

On  the  11th,  the  ring  and  planet  presented  the  appearance 
represented  in^.  4. 

The  broken  and  changing  appearances  of  the  ring  on  this 
occasion,  can  only  be  explained  by  the  admission  of  great  in- 
equalities of  surface  rendering  some  parts  of  the  ring  so  thick 

♦  Astron.  Nachr.  Schamacher,  Vol  xxriiL  No.  650, 
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SATURN 
As  seen  a^his  equinox  in  i848  by  Schmidt.  xi 
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as'to  be  Yiaibley  and  Others  so  thin  as  to  be  invisible,  when  pre- 
sented edgeways  to  the  observer. 

.  2811.  Observations  cf  BerscheL  —  These  observations  of 
Schmidt  are  corroborative  of  those  made  at  a  much  earlier 
epoch  bj  Sir  W*  Herschel^  who  discovered  the  existence  of  ap« 
pearances  on  the  surface  of  the  rings  indicating  mountainous 
nequalities. 

2812.  Supposed  multiplicity  of  rings. — Some  observations 
made  at  Rome  and  elsewhere  gave  grounds  for  the  conjecture, 
that  the  outer  ring,  instead  of  being  double,  is  quintuple,  and 
that  instead  of  having  a  single  divbion,  there  are  four.  It  was 
even  affirmed  with  some  confidence,  that  the  ring  was  septuple, 
and  consisted  of  seven  concentric  rings  suspended  in  the  same 
plane.  These  conjectures  were  founded  upon  the  supposed 
permanence  of  the  black  circular  and  concentric  streaks  which 
are  observed  upon  the  surface  of  the  rings,  and  which  are  quite 
analogous  to  the  belts  of  the  planet.  This  assumed  permanence 
has  not,  however,  been  re*observed,  although  the  planet  has 
been  examined  by  numerous  observers,  with  telescopes  of  very 
superior  power  to  those  with  which  the  observations  were 
made  which  formed  the  ground  of  the  conjecture. 

The  passage  of  Saturn  diametrically  across  any  fixed  star 
of  sufficient  magnitude,  at  the  epoch  of  the  Satumian  solstice, 
when  the  plane  of  the  ring  is  inclined  at  the  greatest  angle  to 
the  visual  line,  would  supply  the  most  eligible  means  of  testing 
the  multiple  structure  of  the  rings ;  for  in  that  case  the  light  of 
the  star  would  be  seen  with  the  telescope  to  flash  through  each 
successive  opening  between  ring  and  ring,  provided  that  the 
width  of  such  opening  were  sufficient  to  allow  the  visual  ray  to 
clear  the  thickness  of  the  rings. 

2813.  Ring  probably  triple—observations  of  Messrs,  Lassell 
and  Dawes,  — Nevertheless,  there  are  well  ascertained  appear* 
ances  on  the  surface  of  the  outer  ring,  which  have  been  thought 
to  indicate  a  second  division,  and  that  the  ring  is  triple.  So 
early  as  1838  Professor  Enck4  noticed  an  appearance  which 
indicated  a  division,  and  even  made  drawings  in  which  such 
a  division  is  indicated.  (See  Berlin  Trans.  1838.)  On  the 
7th  September,  1843,  Messrs.  Lassell  and  Dawes,  unaware 
apparently  of  Enck^'s  observations,  with  a  nine-feet  Newtonian 
reflector  constructed  by  Mr.  Lassell,  saw  what  they  considered 
to  be  a  division  of  the  outer  ring.     The  observation  was  made 
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under  a  magnifying  power  of  450,  which  gave  a  sharply  de^ 
fined  disk  to  the  planet,  and  exhibited  die  principal  divisioB 
of  the  rings  as  a  continuous,  distinctlj  seen,  black  streak, 
extending  all  round  the  surface  of  the  ring.  A  dark  line  on 
the  outer  ring,  near  the  extremities  of  the  ellipse,  was  not  only 
distinctly  seen,  but  an  estimate  of  its  breadth  compared  with 
that  of  the  principal  division  was  made  by  botb  these  ob- 
servers from  which  it  appeared  that  this  breadth  was  about 
one-third  of  the  space  which  separates  the  two  principal  rings. 
Its  place  upon  the  outer  ring  was  a  little  less  than  half  the 
entire  width  of  the  ring  from  the  outer  edge,  and  it  was  equally 
visible  at  both  ends  of  the  ellipse.  No  appearances  could  be 
discovered  of  any  other  divisions,  although  the  shading  of  the 
belts  on  the  inner  ring  was  distinguished. 

2814.  Researches  of  Bessel  corroborate  these  conjectures. — 
Bessel  compared  all  the  observations  made  on  the  rings  from 
1700  to  1833,  with  the  view  of  determining  with  more  precision 
the  nodes  of  the  ring,  and  found  that  the  ring  has  frequently 
been  seen  when  it  ought  to  have  been  invisible,  if  the  several 
concentric  rings  of  which  it  consists  were  all  in  the  same  plane 
and  had  a  uniform  surface.  He  found  that  the  appearances  and 
disappearances  had  no  certain  or  regular  epochs^  and  did  not 
correspond  with  each  other,  even  to  the  same  observer,  using 
the  same  instrument  Thus  Schwabe,  at  Dessau,  saw  the  line 
of  light  formed  by  the  rings  near  their  equinox,  resolve  itself 
into  a  series  of  points.  Schmidt,  as  has  b€«n  stated,  saw  it  be- 
come a  broken  line,  changing  from  night  to  night  its  form. 
Other  observers  saw  the  ring  disappear  on  one  side  of  the  disk, 
while  it  was  apparent  on  the  other.  From  all  these  phenomena, 
it  is  inferred,  that  probably  tbe  rings  are  in  planes  slightly 
different ;  that  their  edge  is  not  regularly  circular,  but  notched 
and  dinged ;  and,  in  fine,  that  their  surfaces  are  characterised 
by  considerable  mountainous  undulations. 

2815.  Discovery  of  an  inner  ring  imperfectly  reflective  and 
partially  transparent  —  But  the  most  surprising  result  of  re- 
cent  telescopic  observations  of  this  planet  has  been  the  dis-p 
covery  of  a  ring,  composed,  as  it  would  appear,  of  matter  re^ 
fleeting  light  much  more  imperfectly  than  the  planet  or  the 
rings  already  described;  and  what  is  still  more  extraordinary, 
transparent  to  such  a  degree,  that  the  body  of  the  planet  can 
be  seen  through  it.  ... 
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lo  1838,  Dr.  Galle,  of  the  Berlin  observatory,  noticed  ii  phe^ 
Bomenon,  which  he  described  as  a  gradual  shading  off  of  the 
inner  ring  towards  the  surface  of  the  planet,  as  if  the  solid 
matter  of  the  ring  were  continued  beyond  the  limit  of  its  illu- 
minated surface,  this  continuation  of  the  surface  being  ren- 
dered visible  by  a  very  feeble  illumination  such  as  would  at- 
tend a  penumbra  upon  it ;  and  measures  of  this  obscure  surface 
were  published  by  him  in  the  "Berlin  Transactions"  of  that 
year. 

The  subject,  however,  attracted  very  little  attention  until 
towards  the  close  of  1850,  when  Professor  Bond,  of  Boston, 
and  Mr.  Dawes  jn  England,  not  only  recognised  the  pheno- 
menon noticed  by  Dr.  Galle,  but  ascertained  its  character  and 
features  with  great  precision.  The  observations  of  Professor 
Bond  were  not  known  in  England  until  the  4th  of  Decem- 
ber; but  the  phenomenon  was  very  fully  and  satisfactorily 
Seen  and  described  by  Mr.  Dawes,  on  the  29th  of  November. 
That  astronomer,  on  the  3rd  December,  called  the  attention 
of  Mr.  Lassell  to  it,  who  also  witnessed  it  on  that  evening  at 
the  observatory  of  Mr.  Dawes;  and  both  immediately  published 
their  observations  and  descriptions  of  it,  which  appeared  in 
Europe  simultaneously  with  those  of  Professor  Bond. 

It  was  not,  however,  until  1852  that  the  transparency  was 
fully  ascertained.  From  some  observations  made  in  Septem- 
ber, Mr.  Dawes  strongly  suspected  its  existence,  and  about  the 
same  time  it  was  clearly  seen  at  Madras  by  Captain  Jacob, 
and  in  October  by  Mr.  Lassell  at  Malta,  whither  he  had  re- 
moved his  observatory  to  obtain  the  advantages  of  a  lower 
latitude  and  more  serene  sky.  The  result  of  these  observations 
has  been  the  conclusive  proof  of  the  unique  phenomenon  of  a 
semi-transparent  annular  appendage  to  this  planet. 

2816.  Drawing  of  the  planet  and  rings  as  seen  by  Mr. 
Dawes. — The  planet  surrounded  by  this  compound  system  of 
rings  is  represented  in  Plate  XII.  The  drawing  is  reduced 
from  the  original  sketch,  made  by  Mr.  Dawes,  of  the  planet  as 
seen  with  his  refractor  of  6^  inch  aperture,  at  Wateringbury, 
in  November  1852.  Another  representation  of  the  planet  as 
seen  by  Mr.  LasseU  at  Malta,  in  December  1852,  has  been 
lithographed,  and  is  almost  identical  with  that  of  Mr.  Dawes* 
In  both,  the  form  and  appearance  of  the  obscure  ring  and  it« 
partial  ticanspol*ency  are  tendered  quite  manifest.    Theprinci? 
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pal  division  of  the  bright  rings  is  risible  throngboot  its  entire 
circumference.  The  bkck  line,  supposed  to  be  a  division  of  the 
outer  ring,  is  visible  in  the  drawing  of  Mr.  Dawes;  but  was  not 
at  all  seen  by  Mr.  IiasselL 

A  remarkably  bright  thin  line,  at  the  inner  edge  <X  the  inner 
bright  ring,  which  appears  in  the  Plate  XIL,  was  distinctly 
seen  by  Mr.  Dawes  in  1851  and  1852. 

The  inner  bright  ring  is  always  a  little  brighter  than  the 
planet.  It  is  not,  however,  uniformly  bright.  Its  illumination 
is  most  intense  at  the  outer  edge,  and  grows  gradually  fainter 
towards  the  inner  edge,  where  it  is  so  feeble  as  to  render  it 
somewhat  difficult  to  ascertain  its  exact  limit.  It  would  seem 
as  if  the  imperfectly  reflective  quality  there  approaches  to 
that  of  the  obscure  ring  recently  discovered.  The  open  space 
between  the  ring  and  the  planet  has  the  same  colour  as  the 
surrounding  sky. 

2817.  BesseVs  calculation  of  the  mass  of  the  rings. — ^Bessel 
has  attempted  to  determine  the  mass  of  the  system  of  rings  by 
the  perturbation  they  produce  upon  the  orbit  of  the  sixth  satel- 
lite. He  estimates  it  at  1-1 18th  part  of  the  mass  of  the  planet. 
The  thickness  of  the  rings  being  too  minute  fbr  measurement; 
no  estimate  of  the  density  of  the  matter  composing  them  can 
be  hence  obtained ;  but  if  the  density  be  assumed  to  be  equal 
to  that  of  the  planet  (which  will  be  explained  hereafter),  it 
would  follow  that  the  thickness  of  the  rings  would  be  about 
138  miles,  which  is  not  far  from  the  estimate  of  their  thickness 
made  by  observers.  If  this  thickness  be  admitted,  the  edge  of 
the  rings  would  subtend  an  angle  of  the  l-32nd  part  of  a  second 
at  Saturn's  mean  distance.  Hence  it  will  be  understood  that 
the  ring  must  disappear,  even  in  powerful  telescopes,  when 
presented  edgeways. 

2818.  Stability  of  the  rings,  —  One  of  the  circumstances  at- 
tending this  planet,  which  has  excited  most  general  astonish- 
ment, is  the  fact  that  the  globe  of  the  planet,  and  two,  not  to 
say  more,  stupendous  rings,  carried  round  the  sun  with  a  velocity 
of  22,000  miles  an  hour,  subject  to  a  periodical  variation  not 
inconsiderable,  due  to  the  varying  distance  of  the  planet  from 
the  sun,  should  nevertheless  maintain  their  relative  position  for 
countless  ages  undisturbed^  the  globe  of  the  planet  remaining 
still  poised  in  the  middle  of  the  rings,  and  the  rings,  two  or 
several  as  the  case  may  b^,  remaining  on.e  within  the  othet 
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without  material  connection  or  apparent  contact,  no  one  of  the 
parts  of  this  most  marvellous  combination  having  ever  gained 
or  lost  ground  upon  the  other,  and  no  apparent  approach  to 
collision  having  taken  place,  notwithstanding  innumerable  dis- 
turbing actions  of  bodies  external  to  them. 

28 1 9.  Cause  assigned  for  this  stcMUty, — The  happj  thought 
of  bringing  the  rings  under  the  common  law  of  gravitation, 
which  gives  stability  to  satellites,  has  supplied  a  striking  and 
beautiful  solution  for  this  question.  The  manner  in  which  the 
attraction  of  gravitation,  combined  with  centrifugal  force, 
causes  the  moon  to  keep  revolving  round  the  earth  without 
falling  down  upon  it  bj  its  gravity  on  the  one  hand,  or  receding 
indefinitely  from  it  by  the  centrifugal  force  on  the  other,  is  well 
understood.  In  virtue  of  the  equality  of  these  forces,  the  moon 
keeps  continually  at  the  same  mean  distance  from  the  earth 
while  it  accompanies  the  earth  round  the  sun.  Now  it  would 
be  easy  to  suppose  another  moon  revolving  by  the  same  law  of 
attraction  at  the  same  distance  from  the  earth.  It  would  re- 
volve in  the  same  time,  and  with  the  same  velocity,  as  the  first. 
We  may  extend  the  supposition  with  equal  facility  to  three, 
four,  or  a  hundred  moons,  at  the  same  distance.  Nay,  we  may 
suppose  as  many  moons  placed  at  the  same  distance  round  the 
earth  as  would  complete  the  circle,  so  as  to  form  a  ring  of 
inoons  touching  each  other.  They  would  still  move  in  the 
same  manner  and  with  the  same  velocity  as  the  single  moon. 

If  such  a  ring  of  moons  were  beaten  out  into  the  thin  broad 
flat  rings  which  actually  surround  Saturn,  the  circumstances 
would  be  somewhat  changed,  inasmuch  as  the  periods  of  each 
concentric  zone  would  vary  in  a  certain  ratio,  depending  on  its 
distance  from  the  centre  of  Saturn,  so  that  each  such  sone 
would  have  to  revolve  more  rapidly  than  those  within  it,  and 
less  rapidly  than  those  outside  it.  But  if  the  entire  mass  were 
coherent,  as  the  component  parts  of  &  solid  body  are,  the  com- 
plete ring  might  revolve  in  a  periodic  time  less  than  that  due 
to  its  exterior  and  longer  than  that  due  to  its  interior  parts.  In 
fact,  the  period  of  its  revolution  would  be  the  period  due  to  a 
certain  zone  lying  near  the  middle  of  its  breadth,  exactly  as  the 
time  of  oscillation  of  a  compound  pendulum  is  that  which  is 
proper  to  the  centre  of  oscillation  (543).  Indeed,  the  case  of 
the  oscillation  of  a  pendulum  and  the  conditions  which  4eter- 
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oiine  the  centre  of  oscillation  afford  a  yery  striking  illnstration 
ef  the  physical  phenomena  here  contemplated. 

2820.  Rotation  of  the  ringM.  —  Now  the  obsenrations  of  Sir 
William  Herschel  on  certain  appearances  upon  the  surface  of 
the  rings  led  to  the  discovery  that  they  actually  have  a  revo- 
lution round  their  common  centre  and  in  their  own  plane,  and 
that  the  time  of  such  revolution  is  very  nearly  equal  to  the 
periodic  time  of  a  satellite  whose  distance  from  the  centre  of 
the  planet  would  be  equal  to  that  of  the  middle  point  of  the 
breadth  of  the  rings. 

But  if  the  principles  above  explained  be  admitted,  it  would 
follow  that  each  of  the  concentric  zones  into  which  the  ring  is 
divided  would  have  a  different  time  of  revolution,  just  as  satel* 
Utes  at  different  distances  have  different  periodic  times ;  and  it 
is  extremely  |HrobaUe  that  such  may  be.  the  case,  beciiuse  no 
observations  hitherto  made  afford  results  sufficiently  exact 
and  conclusive  as  to  either  establish  or  overturn  such  an  hypo« 
thesis. 

.  It  appears,  therefore,  in  fine,  that  the  stability  of  the  rings 
U  explicable  upon  the  same  principle  as  the  stability  of  a  satel- 
lite. 

2821.  Eccentricity  of  the  rings.  — The  fact  that  the  system 
of  rings  is  not  concentrical  with  the  planet  resulted  firom  some 
observations  made  by  Messrs.  Harding  and  Sdiwabe;  after 
which  the  subject  was  taken  up  by  Professor  Struve,  who,  by 
delicate  micrometric  observations  and  measurements  executed 
with  the  great  Dorpat  instrument,  fully  established  the  fact» 
that  .the  centre  of  the  rings  moves  in  a  small  orbit  round  the 
centre  of  the  planet,  being  carried  round  by  the  rotation  of  the 
tings. 

2822.  Arguments  for  the  stability  founded  on  the  eccentricity. 
^-  Sir  John  Herschel  has  indicated,  in  this  deviation  of  the 
centre  of  the  rings  from  the  centre  of  the  planet,  another  source 
of  the  stability  of  the  Satumian  system.  If  the  rings  were 
^  mathematieally  perfect  in  their  circular  form»  and  exactly 
ooncentric  with  the  planet,  it  is  demonstrable  that  they  would 
form  (in  spite  of  their  centrifugal  force)  a  system  in  a  state  of 
unskMe  equiHMum^  which  the  slightest  external  power  would 
subvert — not  by  causing  a  rapture  in  the  svbstance  of  the 
tings — but  by  precipitating  them,  unbrohen^  on  the  surface  of 
the  planet.    For  the  attraction  of  such  a  ring  or  rings  on  a 


Digitized  by 


Google 


THE  MAJOR  PLANETS.  387 

point  or  sphere  eccentrically  situate  within  them  is  not  the 
same  in  all  directions,  but  tends  to  draw  the  point  or  sphere 
toward  the  nearest  part  of  the  ring,  or  away  from  the  centre. 
Hence,  supposing  the  body  to  become,  from  any  cause,  ever  so 
little  eccentric  to  the  ring,  the  tendency  of  their  mutuid  gravity 
is,  not  to  correct  but  to  increase  this  eccentricity,  and  to  bring  the 
nearest  parts  of  them  together.  Now,  external  powers,  capable 
of  producing  such  eccentricity,  exist  in  the  attractions  of  the 
satellites;  and  in  order  that  the  system  may  be  $table^  and 
possess  within  itself  a  power  of  resisting  the  first  inroads  of 
such  a  tendency,  while  yet  nascent  and  feeble,  and  opposing 
them  by  an  opposite  or  maintaining  power,  it  has  been  shown 
that  it  is  sufficient  to  admit  the  rings  to  be  loaded  in  some  part 
of 'their  circumference,  either  by  some  minute  inequality  of 
thickness,  or  by  some  portions  being  denser  than  others.  Such 
a  load  would  give  to  the  whole  ring  to  which  it  was  attached 
somewhat  of  the  character  of  a  heavy  and  sluggish  satellite, 
maintaining  itself  in  an  orbit  with  a  certain  energy  sufficient  to 
overcome  minute  causes  of  disturbance,  and  establish  an  average 
bearing  on  its  centre.  But  even  without  supposing  the  exist- 
ence of  any  such  load  —  of  which,  after  all,  we  have  no  proof — 
and  granting,  therefore,  in  its  full  extent,  the  general  instability 
of  the  equilibrium,  we  think  we  perceive,  in  the  periodicity 
of  all  the  causes  of  disturbance,  a  sufficient  guarantee  of  its 
preservation.  However  homely  be  the  illustration,  we  can 
conceive  nothing  more  apt  in  every  way  to  give  a  general  con- 
ception of  this  maintenance  of  equilibrium,  under  a  constant 
tendency  to  subversion,  than  the  mode  in  which  a  practised 
hand  will  sustain  a  long  pole  in  a  perpendicular  position  resting 
on  the  finger,  by  a  continual  and  almost  imperceptible  variation 
of  the  point  of  support.  Be  that,  however,  as  it  may,  the  ob- 
served oscillation  of  the  centres  of  the  rings  about  that  of  the 
planet  is  in  itself  the  evidence  of  a  perpetual  contest  between 
conservative  and  destructive  powers  —  both  extremely  feeble, 
but  so  antagonising  one  another  as  to  prevent  the  latter  from 
ever  acquiring  an  uncontrollable  ascendancy,  and  rushing  to  a 
catastrophe." 

Sir  J.  Herschel  further  observes,  that  since  '^  the  least  dif- 
ference of  velocity  between  the  planet  and  the  rings  must 
infallibly  precipitate  the  one  upon  the  other,  never  more  to 
separate  (for,  once  in  contaet,  ttoy  would  attain  a  position  of 
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stable  equilibrium,  and  be  held  together  ever  after  hy  an  im- 
mense force),  it  follows  either  that  their  motions  in  their 
common  orbit  round  the  sun  must  have  been  adjusted  to  eacli 
other  bj  an  external  power  with  the  minutest  precision,  or  that 
the  rings  must  have  been  formed  about  the  planet  while  subject 
to  their  common  orbital  motion,  and  under  the  full  and  free 
influence  of  all  the  acting  forces." 

2823.  Satellites. —  Saturn  is  attended  hy  eight  satellites, 
seven  of  which  move  in  orbits  whose  planes  coincide  very  nearij 
with  that  of  the  equator  of  the  planet,  and  therefore  with  the 
plane  of  the  rings.  The  orbit  of  the  remaining  satellite,  which 
is  the  most  distant,  is  inclined  to  the  equator  of  the  planet  at 
an  angle  of  about  12^  14',  and  to  the  plane  of  the  planet's  orbit 
at  nearly  the  same  angle. 

2824.  Their  nomenclature.  —  In  the  designations  of  the  sa- 
tellites, much  confusion  has  arisen  from  the  disagreement  of 
astronomers  as  to  the  principle  upon  which  the  numerical  order 
of  the  satellites  should  be  determined.  Some  name  them  first, 
second,  third,  &c.,  in  the  order  of  their  discovery;  while  others 
designate  them  in  the  order  of  tlieir  distances  fixHn  Saturn.  It 
has  been  proposed  to  remove  all  confusion,  bj  giving  them 
names,  taken,  like  those  of  the  planets,  from  the  heathen  di- 
vinities. The  following  metrical  arrangement  of  these  names, 
in  the  order  of  their  distances,  proceeding  from  the  most  distant 
inwards,  has  been  proposed,  as  affording  an  artificial  aid  to  the 
memory :  — 

lapetQS,  Titan  ;  Bhea,  Dione,  Tethjs  *; 
Enceladns,  Mimas . 

2825.  Order  of  their  discovery,  —  Since  this  was  suggested, 
the  eighth  satellite  situate  between  Inpetus  and  Titan  has  been 
discovered,  and  called  Hyperion. 

The  order  of  their  discovery  was  as  follows :  — 


Name. 

Rhc*. 

DIone. 

Bncelndut. 

Hyperion. 

HiijTfrrns. 
D.  CsMini. 

D». 

Do. 
sir  W.  Hercchel. 

Do. 
Messrs.  Lascrll  and  Bond. 

16U. 
167SI. 
167*. 
I6K4. 
I7W. 
17». 
1848. 
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Hyperion  was  discovered  on  the  same  night,  19tb  Sept.  1848, 
hj  Mr.  Lassell  of  Liverpool,  and  Professor  Bond  of  the  Uni- 
versity of  Cambridge  in  the  United  States. 

2826.  Their,  distance*  and  periods.  —  The  periodic  times 
and  mean  distances  of  these  bodies  from  the  centre  of  Saturn, 
ascertained  by  the  same  kind  of  observations  as  already  ex- 
plained in  the  case  of  the  satellites  of  Jupiter,  are  as  follows:  — 


Oidtf. 

Name. 

P«riod. 

DIMUIO*. 

D. 

H. 

M.       8. 

Saiamln 

crSMnm.   " 

Mimaf      ... 

22 

Sr      229 

216 

3-3607 

Enceladui 

S 

5S       G-7 

3*14 

4*3125 

Trthyt      . 

21 

18      25-7 

432 

6*3386 

Dione       ... 

17 

41        89 

6*26 

6-8396 

Rhm         ... 

12 

M      10-8 

10^ 

9-6626 

•nun      ... 

lii 

22 

41      2V2 

35*48 

22-1460 

Hyperion .            .              . 

2i 

12 

?        ? 

M-     ? 

28*  ? 

Upetia     ... 

79 

7 

63      40-4 

18ft- 

64-3590 

Fig.  775. 


2827.  Harmonic  law  observed,  —  By  comparing 
the  numbers  expressing  the  ratio  of  the  periods 
and  distances,  it  will  be  found  that  the  numbers 
expressing  these  fulfil  the  harmonic  kw,  subject  to 
such  deviations  from  its  rigorous  observance  as  are 
due  to  the  influence  of  small  disturbing  causes 
already  noticed.  Thus,  if  d  express  the  mean  dis- 
tance of  any  satellite  from  the  centre  of  the  planet, 
and  p  its  period,  it  will  be  found  that  the  relation 

P* 

will  be  very  nearly  true  for  all  the  satellites. 

2828.  Elongations  and  relative  distances.  —  The 
greatest  elongations  of  the  satellites  from  the  primary, 
and  the  scale  of  their  distances  in  relation  to  the 
diameters  of  the  planet  and  its  rings,  are  repre« 
sen  ted  in^i^.  775. 

It  appears,  therefore,  that  the  orbit  of  the  most 
remote  of  the  satellites  subtends  a  visual  angle  of 
only  1286"  at  the  earth,  being  about  two- thirds  of 
the  apparent  diameter  of  the  sun  or  moon,  and 
within  this  small  visual  space  all  the  vast  physical 
machinery  and  phenomena  which  we  have  here  no- 
ticed are  in  operation,  and  within  such  a  space 
have    these  extraordinary  discoveries  been  made. 
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The  apparent  diameter  of  the  external  edge  of  the  rings  if 
only  44",  or  the  fortieth  part  of  the  apparent  diameter  of  the 
sun  or  moon ;  yet  within  that  small  circle  have  been  obseryed 
and  measured  the  planet,  its  belts,  atmosphere,  and  rotation, 
and  the  two  rings,  their  mi^nitude,  rotation,  and  the  lineaments 
of  their  sorface. 

2829.  Various  pka$e$  and  appearances  of  the  saielHies  to 
observers  on  the  planet.  —  All  that  has  been  said  of  the  phases 
and  appearances  of  the  moons  of  Jupiter,  as  presented  to  the 
inhabitants  of  that  planet,  is  equally  applicable  to  the  satellites 
of  Saturn,  with  this  difference,  that  instead  of  four  there  are 
eight  moons  continually  reyolving  round  the  planet,  and  ex- 
hibiting all  the  monthly  changes  to  which  we  are  accustomed 
in  the  case  of  the  solitary  satellite  of  the  earth. 

The  periods  of  Saturn's  moons,  like  those  of  Jupiter,  are 
short,  with  the  exception  of  those  most  remote  from  the  pri- 
mary. The  nearest  passes  through  all  its  phases  in  22^  hours, 
and  the  fourth,  counting  outwards,  in  less  than  66  honrs.  The 
next  three  have  months  varying  from  4  to  22  terrestrial  days. 

These  seven  moons  move  in  orbits  whose  planes  are  nearly 
coincident  with  the  plane  of  the  rings.  The  consequence  of 
this  arrangement  is,  that  they  are  always  visible  by  the  inha- 
bitants of  both  hemispheres  when  they  are  not  eclipsed  by  the 
shadow  of  the  planet. 

The  two  inner  satellites  are  seen  making  their  rapid  course 
along  the  external  edge  of  the  ring,  within  a  very  small  ap- 
parent distance  of  it  The  motion  of  the  nearest  is  so  rapid  as 
to  be  perceivable,  like  that  of  the  hour-hand  of  a  colossal  time- 
piece. It  describes  360^  in  22^  hours,  being  at  the  rate  of  16^ 
per  hour,  or  16'  per  minute,  so  that  in  two  minutes  it  moves 
over  a  space  equal  to  the  apparent  diameter  of  the  moon. 

The  eighth,  or  most  remote  satellite,  is  in  many  respects 
exceptional,  and  different  from  all  the  others.  Unlike  these,  it 
moves  in  an  orbit  inclined  at  a  considerable  angle  to  the  plane 
of  the  rings. 

It  is  exceptional  also  in  its  distance  from  the  primary,  being 
removed  to  the  distance  of  64  semidiameters  of  Satnm.  The 
only  case  analogous  to  this  presented  in  the  solar  system  is  that 
of  the  earth's  moon,  the  distance  of  which  is  60  semidiameters 
of  the  primary. 

26a0.  Magnitudes  of  the  satelliies.  ^  Owing  to  the  great 
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distance  of  Saturn,  the  dimensiong  of  the  satellites  have  nol 
been  ascertained.  The  sixth  in  order,  proceeding  ontwards,  is, 
however,  known  to  be  the  largest^  and  it  appears  certain  that 
its  Tolnme  is  little  less  than  that  of  the  planet  Mars.  The  three 
satellites  immediatelj  within  this,  Rhea,  Dione,  and  Tethys,  are 
smaller  bodies,  and  can  only  be  seen  with  telescopes  of  great 
power.  The  other  two,  Mimas  and  Enceladus,  require  instru- 
ments of  the  very  highest  power  and  perfection,  and  atmo- 
spheric conditions  of  the  most  favourable  nature,  to  be  observ- 
able at  alL  Sir  J.  Herschel  sajs,  that  at  tlie  time  thej  were 
discovered  by  his  father  ^  thej  were  seen  to  thread,  like  beads, 
the  almost  infinitely  thin  fibre  of  light  to  which  the  ring,  there 
seen  edgeways,  was  reduced,  and  for  a  short  tiine  to  advance  off 
it  at  either  end,  speedily  to  return,  and  hastening  to  their 
habitual  concealment  behind  the  body." 

2831.  Apparent  magnUudes  as  seen  from  Saturn,  —  The 
real  magnitudes  of  the  satellites,  the  eighth  excepted,  being 
unascertained,  nothing  can  be  inferred  with  any  certainty  re- 
specting their  apparent  magnitudes  as  seen  from  the  liurface 
of  Saturn,  except  what  may  be  rea8ona;bly  conjectured  upon 
analogies  to  other  like  bodies  of  the  system.  The  satellites  of 
Jupiter  being  all  greater  than  the  moon,  while  one  of  them 
exceeds  Mercury  in  magnitude,  and  another  is  but  little  inferior 
in  Volume  to  that  planet,  .it  may' be  assumed  with  great  proba- 
bility of  truth  that  the  satellites  of  Saturn  are  at  least  severally 
greater  in  their  actual  dimensions  than  our  moon. 

If  this  be  admitted,  their  probable  apparent  magnitudes  as 
seen  from  Saturn  may  be  inferred  from  their  distances.  The 
distance  of  the  first,  Mimas,  from  the  nearest  part  of  the  sur- 
face of  the  planet,  is  only  94,000  miles,  or  about  2^  times  le^s 
than  the  distance  of  the  moon ;  the  distance  of  the  second  is 
about  half  that  of  the  moon ;  that  of  the  third  about  two-thirds, 
and  that  of  the  fourth  about  five-sixths,  of  the  moon's  distance. 
If  these  bodies,  therefore,  exceed  the  moon  in  their  actual  di- 
mensions, their  apparent  magnitudes  as  seen  from  Saturn  will 
exceed  the  apparent  magnitude  of  the  moon  in  a  still  greater 
ratio  than  that  in  which  the  distance  of  the  moon  from  the 
earth  exceeds  their  several  distances  from  the  surface  of  Saturn. 
Of  the  remaining  satdlites,  little  is  as  yet  known  of  the  seventh, 
Hyperion,  which  has  only  been  recently  discovered ;  and  the 
great  magnitude  of  the  sixth.  Titan,  renders  it  probable  that, 
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notwiibfttanding  its  great  distance  from  Saturn^  it  may  still 
appear  with  a  disk  not  yerj  much  less  than  that  of  the  moon. 

2882.  Horizoniai  paraUax  of  the  satellites.  —  The  horizontal 
parallax  is  determined  in  the  same  manner  as  for  the  satellites 
of  Japiter  (2767).  Let  the  values  of  it,  for  the  eight  satellites 
proceeding  outwards,  be  expressed  by  ir^,  ir^  ir,,  lice,  and  we 
shall  haye 

»^-iao7      r4-5!22-S«>.4 


64  36 


snau  naye 

"-^-'^    ^-•^»-.^.  ^-i^'-... 
"-'^•^  '-•^!-^   ^.^-*'   -. 

2833.  Apparent  magnitudes  of  Saturn  seen  from  the  saieU 
lites.  —  It  follows,  therefore,  that  the  disk  of  Saturn,  seen  from 
the  satellites  respectiyelj,  subtends  yisual  angles  yarjing  from 
84®  subtended  at  the  nearest  to  2®  at  the  most  remote. 

2834.  Satellites  not  visible  in  the  eircumpolar  regions  of  the 
planet  —  From  what  has  been  expUined  in  (2769),  combined 
with  the  observed  fact  that  all  the  satellites  except  lapetus 
moye  in  the  plane  of  the  equator  of  the  planet,  it  follows  that 
they  are  seyerally  inyisible  within  distances  of  the  poles  of  the 
planet  expressed  by  their  horizontal  paralUxes.  Thus,  the  first 
cannot  be  seen  at  latitudes  higher  than  73® ;  the  second,  76®*4 ; 
the  third,  79®'3,  and  so  on. 

2835«  Remarhable  relation  between  the  periods. — The  periods 
of  the  four  satellites  nearest  to  the  planet  have  a  yery  remark- 
able numerical  relation.  If  they  are  expressed  by  p,  p',  p", 
and  r^*'f  we  shall  find  that 

p''=2p,  p'"=2p'; 

that  is,  the  periods  of  the  third  and  fourth  are  respectively 
double  those  of  the  first  and  second. 

2836.  notation  on  their  axes.  —  The  case  of  the  moon,  and 
the  observations  made  on  the  satellites  of  Jupiter,  raise  the  pre- 
sumption that  it  is  a  general  law  of  secondary  planets  to  revolve 
on  their  axes  in  the  times  in  which  they  revolve  round  their 
primary.  The  great  distance  of  Saturn  has  deprived  observers 
hitherto  of  the  power  of  testing  this  law  by  the  Saturnian  sys- 
tem. Certain  appearances,  however,  which  have  been  observed 
in  the  case  of  the  great  satellite  Titan  indicate,  at  least  with 
regard  to  it,  such  a  rotation.  The  variation  of  its  apparent 
brightness  in  different  parts  of  its  orbit  is  very  conspicuous,  and 
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the  changes  have  a  fixed  rektion  to  its  elongation,  the  same 
degree  of  brightness  always  corresponding  to  the  same  position 
of  the  satellite  in  relation  to  its  primary.  Now  this  is  an  effect 
which  woald  be  explicable  on  the  supposition  that  different 
sides  of  the  satellite  reflect  light  with  different  degrees  of  inten- 
sity,  and  that  it  revolves  on  its  axis  in  the  same  time  that  it 
revolves  round  its  primary.  It  has  been  observed  that,  when  the 
satellite  has  eastern  elongation,  it  has  ceased  to  be  visible,  from 
which  it  has  been  inferred  that  the  hemisphere  then  turned  to  the 
earth  has  so  feeble  a  reflective  power  that  the  light  proceeding 
from  it  is  insufllcient  to  affect  the  eye  in  a  sensible  degree.  The 
improvement  of  telescopes  has  enabled  observers  to  follow  it  at 
present  through  the  entire  extent  of  its  orbit,  but  the  diminution 
of  its  lustre  on  the  eastern  side  of  the  planet  is  still  so  great,  that 
it  is  only  seen  with  the  greatest  difiiculty. 

2837.  Mats  of  Saturn.  —  The  mass  of  Saturn  is  ascertained 
by  the  motion  of  his  satellites  by  the  method  already  explained 
(2635). 

If  r  express  the  distance  of  the  planet  from  the  sun  in  semi- 
diameters  of  the  orbit  of  a  satellite,  p  the  period  of  the  planet 
taking  that  of  the  satellite  for  the  unit,  and  h  the  mass  of  the 
sun  taking  that  of  the  planet  for  the  unit,  we  shall  have 

By  substituting  for  these  symbols  the  numbers  which  they 
represent  in  the  case  of  Saturn  and  his  satellites,  values  will  be 
found  for  M,  a  mean  of  which  is  about  3500,  showing  that  the 
mass  of  Saturn  is  the  3500th  part  of  the  mass  of  the  sun. 

Since  the  earth  is  the  355,000th  part  of  the  mass  of  the  sun, 
it  follows  that  the  mass  of  Saturn  is  100  times  that  of  the 
earth. 

2838.  Density,  —  Since  the  mass  of  Saturn  is  only  100 
times  that  of  the  earth,  while  his  volume  is  about  1000  times 
greater,  it  follows  that  this  planet  is  composed  of  matter 
whose  mean  density  is  about  ten  times  less  than  that  of  the 
earth  ;  and  since  the  density  of  the  earth  is  five  and  a  half  times 
greater  than  that  of  water,  it  follows  that  the  density  of  Saturn 
is  a  little  more  than  half  that  of  water.  This  is  the  density  of 
the  light  sorts  of  wood,  such  as  cedar  and  poplar,  and  is  about 
twice  the  density  of  cork  (787). 
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2839.  Superficial  graviiy.  —  The  gnwiij  bj  which  bodies 
on  the  surface  of  Saturn  are  attracted,  omitting  for  the  moment 
all  consideration  of  the  effects  of  the  spheroidal  form  and  rota- 
tion, roaj  be  computed  by  the  principles  already  explained  by 
its  mass  and  mean  diameter. 

Let  m'=the  mass,  that  of  the  earth  being  1 1 

/=the  mean  semidiaraeter,  that  of  the  earth  being  1; 
^= superficial  gravity,  that  of  the  earth  being  1. 

We  shall  then  have 

^     r'^     9-48^ 

Superficial  gravity,  therefore,  on  Saturn  exceeds  that  upon 
the  earth  by  thirteen  per  cent^  omitting  the  effects  of  form  and 
rotation. 

2840.  Centrifugal  force  at  Satum^s  equator*  —  The  force  of 
gravity  on  Saturn,  as  on  Jupiter,  is  subject  to  considerable 
variation,  arising  from  the  counteracting  effects  of  centrifugal 
force. 

Let  o=oentrifugal  force  at  the  planet's  equator  related  to 
terrestrial  gravity  as  the  unit ; 
^=  16-08  feet; 
y= velocity  of  Saturn's  equator  in  feet  per  second. 

We  shall  then  have  (313) 

2Vxg 

The  value  of  v  deduced  from  the  equatorial  diameter  of  the 
planet  and  the  time  of  its  rotation  is  34,77o,  and  it  follows, 
therefore,  that  0=01799. 

Deducting  this  from  the  superficial  gravity,  undiminished  by 
rotation  already  computed  (2839),  we  shall  have 
/-c=113-01799  =0-9501 ; 

which  is,  therefore,  the  effective  gravity  at  Saturn's  equator 
related  to  terrestrial  gravity  as  the  unit. 

2841.  Variation  of  gravity  from  equator  to  pofe.  —  Let  e,  tr, 
and  c  retain  their  former  significations  (2777)  (2384),  and 
by  the  theorem  of  Ciairaut,  already  noticed,  we  shall  have 

«  +  tr=2-5c. 
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But,  hy  what  liaa  been  proved,  we  have 

e=0-097        c  =  _^x=^lj^=r0-189; 
^— C    0-9501 

from  which  it  follows  that 

tp=2-5  X  0-189-0-097=0-3755. 

It  follows,  therefore,  that  a  bodj  which  weighs  10,000  lbs.  at 
Satnm's  equator  would  weigh  13,765  lbs.  if  transported  to  his 
pole ;  and  a  body  which  weighs  100  lbs.  placed  upon  the  earth 
would  weigh  95  lbs.  on  Saturn's  equator. 

The  height  through  which  a  body  would  fall  in  a  second  upon 
Saturn  will  be 

16-08  X  0-95=  15-28  feet  at  the  equator  5 
15-28  X  1-375=2101  feet  at  the  pole, 

Tlie  relative  heights  through  which  bodies  would  fall,  and  the 
lengths  of  pendulums,  may  be  determined  in  the  same  'manner 
as  already  explained  (2777). 

2842.  PrevaUmg  errors  rejecting  the  uranography  of 
Saturn.  —  The  rings  must  obviously  form  a  most  remarkable 
object  in  the  firmament  of  observers  stationed  upon  Saturn,  and 
must  play  an  important  part  in  their  uranography.  The 
problem  to  determine  their  apparent  magnitude,  form,  and 
position,  in  relation  to  the  fixed  stars,  the  sun,  and  Satumian 
moons,  has,  therefore,  been  regarded  as  a  question  of  interesting 
speculation,  if  not  of  great  scientific  importance;  and  has, 
accordingly,  more  or  less  engaged  the  attention  of  astronomers. 
It  is  nevertheless  a  singular  fact,  that,  although  the  subject  has 
been  discussed  and  examined  by  various  authorities  for  three- 
quarters  of  a  century,  the  conclusions  at  which  they  have  ar- 
rived, and  the  views  which  have  been  generally  expressed  and 
adopted  respecting  it,  are  completely  erroneous. 

In  the  Berlin  Jahrhuch  for  1786,  Professor  Bode  published 
an  essay  on  this  subject,  which,  subject  to  the  imperfect  know- 
ledge of  the  dimensions  of  the  rings  which  had  then  resulted 
from  the  observations  made  upon  them,  does  not  seem  to  difitr 
materially  in  principle  from  the  views  adopted  by  the  most 
eminent  astronomers  of  the  present  day. 

2843.  Vtetos  of  Sir  J.  Herschel,  —  Sir  John  Herschel,  in 
his  Outlines  of  Astronomy,  edit.  1849,  states  that  the  rings  as 
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Been  from  Saturn  appear  as  vast  arches  spanning  the  sky  from 
horizon  to  horizon,  holding  an  almost  invariable  situation  among 
the  stars ;  and  that,  in  the  hemisphere  of  the  planet  which  is 
on  their  dark  side,  a  solar  eclipse  of  fifteen  years'  duration 
takes  place. 

This  statement,  which  has  been  reproduced  by  almost  all 
writers  both  in  England  and  on  the  Continent^  is  incorrect  in 
both  the  particulars  stated.  Firsts  the  rings  do  not  hold  an 
almost  invariable  position  among  the  stars.  On  the  contraiy, 
their  position  with  relation  to  the  fixed  stars  is  subject  to  a 
change  so  rapid  that  it  must  be  sensible  to  observers  on  the 
planet,  the  stars  seen  on  one  side  of  the  rings  passing  to  the  other 
side  from  hour  to  hour.  Secondly^  no  such  phenomenon  as  a  solar 
eclipse  of  fifteen  years'  duration,  or  any  phenomenon  bearing 
the  least  analogy  to  it,  can  take  place  on  any  part  of  the  globe 
of  Saturn. 

2844.  Theory  of  Madler.  —  Among  the  continental  astro- 
nomers who  have  recently  reviewed  this  question,  the  meet 
eminent  is  Dr.  Madler,  to  whose  observations  and  researches 
science  is  so  largely  indebted  for  the  information  we  possess 
respecting  the  physical  character  of  the  surface  of  the  Moon 
and  Mars. 

This  astronomer  maintains,  like  Herschel,  that  the  ring^ 
hold  a  fixed  position  in  the  firmament,  their  edges  being  pro- 
jected on  parallels  of  declination,  and  that,  consequently,  all 
celestial  objects  are  carried  by  the  diurnal  motion  in  circles 
parallel  to  them,  so  that  in  the  same  latitude  of  Saturn  the 
same  stars  are  always  covered  by  the  rings,  and  the  same  stars 
are  always  seen  at  the  same  distance  from  them. 

This  is  also  incorrect.  The  zones  of  the  firmament  covered 
by  the  rings  are  not  bounded  by  parallels  of  declination,  but  by 
curves  which  intersect  these  parallels  at  various  angles. 

Dr.  Madler  enters  into  elaborate  calculations  of  the  solar 
eclipses  which  take  place  during  the  winter  half  of  the  Satur- 
nian  year.  According  to  him,  at  a  certain  epoch  after  the 
autumnal  equinox  in  each  latitude,  the  sun  passes  under  the 
outer  ring  and  is  eclipsed  by  it,  and  continues  to  be  thus 
eclipsed  until,  by  its  increasing  declination,  it  emerges  from  the 
lower  edge  of  that  ring  and  passes  into  the  opening  between 
the  rings,  where  it  continues  to  be  visible  for  an  interval 
greater  or  less  according  to  the  latitude  of  the   observer, 
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until  the  further  increase  of  its  declination  causes  it  to  pass 
under  the  edge  of  the  inner  ring,  where  it  is  again  eclipsed. 
The  further  increase  of  its  declination  in  certain  latitudes 
would,  according  to  this  astronomer,  carry  it  hejond  the  lower 
edge  of  the  inner  ring,  after  which  it  would  he  seen  helow 
the  ring  uneclipsed.  After  the  solstice  in  such  latitudes, 
when  the  sun  returns  towards  the  celestial  equator,  its  de- 
creasing declination  would  cany  it  successively  first  under  the 
inner  and  then  under  the  outer  ring.  There  would  thus  be, 
according  to  Madler,  in  such  latitudes  two  solar  eclipses  of  long 
duration,  one  by  each  ring  before  the  winter  solstice,  and  two 
others  of  like  duration,  but  in  a  contrary  order,  after  tlie  winter 
solstice.  In  certain  latitudes,  however,  the  declination  of  the 
lower  edge  of  the  inner  ring  being  greater  than  the  obliquity  of 
the  orbit  to  the  Saturnian  equator,  the  sun  would  not  emerge 
from  the  inner  ring,  and  in  this  case  there  would  be  only  one 
eclipse  by  the  inner  ring,  and  that  at  mid-winter;  but,  as 
before,  two,  one  before  and  the  other  after  the  solstice,  by 
the  outer  ring,  separated  from  the  former  by  the  time  during 
which  the  sun  passes  across  the  interval  between  the  rings. 

Dr.  Madler  computes  the  duration  of  these  various  eclipses 
in  the  different  latitudes  of  Saturn,  and  gives  a  table,  by  which 
it  would  appear  that  the  solar  eclipses  which  take  place  behind 
the  inner  ring  vary  in  length  from  three  months  to  several 
years,  that  the  duration  of  the  eclipses  produced  by  the  outer 
ring  is  still  greater,  and  that  the  duration  of  the  appearance  of 
the  sun  in  the  interval  between  the  rings  varies  in  different 
latitudes  from  ten  days  to  seven  and  eight  months.* 

2845.  Correction  of  the  preceding  views.  —  These  various 
conclusions  and  computations  of  Dr.  Madler,  and  the  reasoning 
on  which  they  are  based,  are  altogether  erroneous;  and  the 
solar  phenomena  which  he  describes  have  no  correspondence 
with,  nor  any  resemblance  to,  the  actual  uranographical  phe- 
nomena. 

We  shall  now  explain,  so  far  as  the  necessary  limits  of  the 
present  volume  will  admit,  what  the  actual  phenomena  are 
which  would  be  witnessed  by  an  observer  stationed  at  different 
parts  of  the  surface  of  Saturn.  It  will  not,  however,  be  possible 
to  enter  into  the  detfuls  of  the  reasoning  upon  which  the  con- 
clusions are  based.    For  this  we  must  refer  to  a  memoir  by  the 

♦  See  Populjire  Astronomie,  von  Dr.  J.  H.  Madler.    Berlin,  1852. 
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author  of  this  Toloma,  read  before  the  Royal  Astrononueid 
Society  of  London,  and  which  will  be  seen  in  tiieir  Trans- 
acttons. 

2846.  Phenomena  preeented  to  an  oUerver  HaHoned  cU 
Saium*$  equator  —  Zone  of  the  Jirmament  covered  by  the 
ring.  —  The  station  of  the  obeerrer  in  this  case  being  in  the 
plane  of  the  ring,  and  the  heavens  having  the  character  of  a 
light  sphere,  the  ring  will  cover  a  cone  of  the  firmamef^t  coin- 
ciding with  the  prime  vertical,  which,  in  this  case,  is  also  the 
celestial  equator.  It  will  therefore  pass  through  the  senith  of 
the  observer  at  right  angles  to  his  meridian,  descending  to  the 
horison  at  the  east  and  west  points.  The  only  part  of  the 
system  of  rings  exposed  to  view  is  the  inner  edge  of  the  inner 
ring.  This  edge  is  illuminated  at  night  by  the  son  at  all  times, 
except  at  the  equinox,  when  the  sun,  being  in  the  phine  of  the 
ring,  one  semicircle  of  the  ring  throws  its  shadow  on  the  other; 
and  excepting,  also,  that  arc  of  the  ring  on  which  the  shadow  of 
the  planet  falls.  In  the  day-time  the  edge  of  the  ring  is  ratiier 
strongly  illuminated  by  light  reflected  from  the  extensive  and 
not  very  remote  surface  of  the  planet. 

The  thickness  of  the  ring  not  being  exactly  ascertained,  the 
apparent  width  of  the  sone  of  the  firmament  which  it  covers 
cannot  be  determined  with  precision. 

If,  however,  the  mijor  limit  of  250  miles,  assigned  to  the 
thickness  by  Sir  J.  Herschel,  be  adopted,  the  correq>onding 
limit  of  the  apparent  width,  obtained  by  the  usual  method  of 
calculation,  by  comparing  this  thickness  with  its  distance  from 
the  observer,  will  give  W  as  the  i^parent  breadth  of  the  xone 
oocupied  by  the  ring  at  the  zenith ;  and  since  the  observer,  being 
stationed  at  a  point  o  (Jig.  776.)  considerably  removed  from 

the  centre  o  of  the  ring,  is  at  a 
greater  distance  o  p'',  o  p"  from 
those  points  of  the  ring  which  meet 
the  horison  than  from  that  which  is 
at  the  senith,  the  apparent  breadth 
'  the  ring  will  gradually  decrease 
from  the  senith  z  to  the  horizon  in 
ig.776.  ^1^^  gj^^^  proportion   as  the  dis- 

tance of  successive  points  p,  p'  &c  of  the  ring  from  the  station 
of  the  observer  increases.  From  the  known  values  of  the  dia- 
meters of  the  planet  and  the  ring  already  given,  it  is  easy  to 
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show  that  the  apparent  breadth  of  the  ring  at  the  horizon  will 
be  less  than  its  apparent  breadth  at  the  zenith  in  the  ratio  of 
9  to  4  very  nearly,  that  being  the  inverse  ratio  of  the  distance 
of  the  two  points  from  the  obscfkrer.  If,  therefore,  the  apparent 
breadth  of  the  ring  at  the  zenith  z  be  45\  its  apparent  breadth 
at  the  horizon  p"  p"  will  be  20". 

It  appears,  therefore,  that  a  zone  of  the  firmament  is  in  this 
case  covered  by  the  ring  extending  22'^  N.  and  S.  of  the 
equator  at  the  zenith,  and  10^  N.  and  S.  of  it  at  the  horizon, 
and  gradually  decreasing  in  width  from  the  one  point  to  tlie 
other.  It  follows  that  two  parallels  of  declination  at  22'^  N. 
and  S.  touch  this  zone  at  the  points  where  it  intersects  the  me- 
ridian, and  lie  elsewhere  altogether  clear  of  it ;  and  two  other 
parallels,  whose  declination  N.  iEtnd  S.  is  10',  meet  it  at  the 
horizon,  and  lie  elsewhere  altogether  within  it.  The  inter- 
mediate parallels  intersect  the  edges  of  the  zone  at  certain 
poinds  between  the  zenith  and  the  horizon,  and  pass  outside  it, 
below  and  under  it,  above  those  points.  It  follows  from  this, 
that  all  objects  situate  in  such  parallels  rise  clear  of  the  ring, 
pass  under  it  at  a  certain  altitude,  and  culminate  occulted  by  it. 
All  parallels  of  declination,  whose  distance  from  the  equator  is 
less  than  !(/,  are  entirely  covered  by  the  ring  from  the  horizon 
to  the  zenith ;  and  all  objects  placed  on  such  parellels  are,  conse- 
quently, occulted  by  the  ring  through  the  whole  period  of  their 
diurnal  motion. 

2847.  Solar  eclipses  at  SaturfCs  equator, — These  observa- 
tions are  applicable,  of  course,  not  only  to  the  sun,  but  to  all 
objects  of  changeable  declination.  As  to  the  sun,  its  apparent 
diameter  at  Saturn  being  3''3,  its  disk  will  be  in  external  con- 
tact with  the  ring  at  the  zenith,  when  the  declination  of  its 
centre  is  24'^,  and  in  internal  contact  with  it  when  its  declina- 
tion  is  2r. 

From  a  calculation  of  the  rate  at  which  the  sun  changes  its 
declination  at  and  near  Saturn's  equinox,  derived  from  the  as- 
certained obliquity  of  his  equator  to  his  orbit,  it  may  be  shown 
that  it  will  have  the  declination  24'^  at  twenty-two  days  before 
the  equinox,  and  the  declination  21'  at  nineteen  days  before  it. 
At  twenty-two  days  before  the  equinox,  therefore,  a  partial 
eclipse  of  the  sun  by  the  ring  at  the  zenith  will  commence, 
which  will  become  total  at  nineteen  days  before  it. 

But  though  total  at  the  zenith  it  will  still  be  only  partial  at 
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lower  altitudes,  and  the  Bun's  disk  will  be  clear  of  the  ring  al- 
together  when  still  nearer  to  the  horizon. 

When  the  sun's  declination  still  decreasing  becomes  11 '-65, 
its  disk  will  be  in  external  contact  with  the  ring  at  the  point 
where  it  rises  and  sets ;  and  when  its  declination  becomes  S''S5 
it  will  be  in  internal  contact,  and  therefore  totally  eclipsed. 
The  sun  will  have  the  former  declination  at  ten  days  and  a 
half,  and  the  latter  at  seven  days  and  a  half,  before  the  equinox. 

It  follows,  therefore,  that  the  sun  will  be  totally  eclipsed 
from  rising  to  setting  seven  days  and  a  half  before,  and  seven 
days  and  a  half  after,  the  equinox,  to  an  observer  stationed  on 
the  eifuator  of  the  planet 

2848.  Eclipses  of  the  satellites. — The  orbits  of  the  six  inner 
satellites  being  exactly  or  nearly  in  the  plane  of  the  ring, 
they  will  be  permanently  eclipsed  by  the  ring  to  an  observer 
stationed  on  the  planet's  equator,  unless,  indeed,  the  apparent 
magnitudes  of  their  dbks  exceed  the  apparent  width  of  the 
ring.  The  real  magnitude  of  the  satellites  being  unascer- 
tained, it  is  impossible  to  determine  their  apparent  magnitudes ; 
from  analogy  it  would  appear  improbable  that  they  should  be 
so  great  as  the  apparent  width  of  the  ring  even  at  the  horizon, 
and  unless  they  depart  to  some  extent,  by  reason  of  small  obli- 
quities in  their  orbits,  from  the  plane  of  the  ring,  all  view  of 
them  must  be  permanently  intercepted  from  an  observer  thus 
stationed. 

The  eighth  satellite,  however,  whose  orbit  is  inclined  to  the 
plane  of  the  ring  at  an  angle  of  about  13^,  departs  N.  and  S. 
of  the  ring  to  this  extent,  and  is  subject  to  eclipses  similar  to 
those  of  the  sun  already  described. 

2849.  Phenomena  presented  to  an  observer  at  other  Satur- 
nian  latitudes.  —  If  an  observer  be  stationed  at  any  point  on 
one  of  the  meridians  of  the  planet,  on  the  same  side  of  the  ring 
as  the  sun,  the  ring  will  present  to  him  the  appearance  of  an 
arch  in  the  heavens,  bearing  some  resemblance  in  its  form  to 
a  rainbow,  the  surface,  however,  having  an  appearance  resem- 
bling that  of  the  moon. 

The  vertex  or  highest  point  of  this  arch  will  be  upon  his 
meridian,  and  the  two  portions  into  which  it  will  be  divided  by 
the  meridian  will  be  equal  and  similar,  and  will  descend  to  the 
horizon  at  points  equally  distant  from  the  meridian.  The  appa- 
rent breadth  of  this  illuminated  bow  will  be  greatest  upon  the 
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meridian,  and  it  will  decrease  in  descending  on  either  side  to- 
wards  the  horizon,  where  it  will  be  least  The  division  between 
the  two  rings  will  be  apparent,  and,  except  at  places  within 
a  very  short  distance  of  the  equator,  the  firmament  will  be 
"visible  through  it. 

2850.  Edges  of  the  rings  seen  at  variable  distances  from  celes* 
ticU  equator. — The  distance  of  the  edge  of  the  bow  from  the 
celestial  equator  will  not  be  every  where  the  same,  as  it  has 
been  erroneously  assumed  to  be.  That  part  of  the  bow  which  is 
upon  the  meridian  will  be  most  remote  from  the  celestial  equator ; 
and  in  descending  from  the  meridian  on  either  side  towards  the 
horizon,  the  declination  of  its  edge  will  gradually  decrease,  so 
that  those  points  which  rest  upon  the  horizon  will  be  nearer  to 
the  equator  than  the  other  points. 

2851.  Parallels  of  declination^  therefore^  intersect  them. — It 
follows  from  this  that  the  parallel  of  declination  which  passes 
through  the  points  where  the  upper  edge  of  the  bow  meets  the 
horizon  will  lie  every  where  above,  and  the  parallel  which  passes 
through  the  point  where  the  upper  edge  crosses  the  meridian 
will  lie  every  where  below,  that  edge.  This  necessarily  follows 
from  the  fact,  that  the  declination  of  the  points  where  the  edge 
meets  the  horizon  is  less,  and  that  of  the  point  where  it  meets 
the  meridian  greater,  than  that  of  any  other  point  upon  it. 

It  appears  from  this,  that  all  parallels  whose  declinations  are 
greater  than  those  of  the  points  where  the  edge  meets  the 
horizon,  and  less  than  that  of  the  point  where  it  crosses  the 
meridian,  must  intersect  the  edge  between  the  horizon  and  the 
meridian,  and  must  therefore  lie  below  it  under  the  point  of 
intersection,  and  above  it  over  the  point  of  intersection. 

These  conditions  are  equally  applicable  to  each  of  the  edges 
of  each  of  the  rings,  and  will  serve  to  determine  in  all  cases 
those  parallels  which  will  intersect  them  respectively. 

2852.  Edges  placed  symmetricaUy  in  relation  to  meridian 
and  horizon, — From  the  symmetrical  position  of  each  of  the 
edges,  vrith  relation  to  the  meridian  and  horizon,  it  will  be  ap- 
parent that  the  points  at  which  each  parallel  intersects  them  will 
be  similarly  placed  on  each  side  of  the  meridian,  having  equal 
altitudes  and  equal  azimuths  £.  and  W. 

2853.  Form  of  the  projection  at  different  latitudes. — The 
general  form  and  position  of  the  bow  formed  by  the  projection 
of  the  rings   upon  the  firmament  in  each  latitude  may  be 
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eftsilj  determined  bj  elementary  geometrical  principles.  Let  p  s 
(Jig,  777*)  be  the  quadrant  of  the  meridian  of  the  planet  passing 
through  the  station  of  the  observer  o^  and  let  r  r'  r  represent 
one  of  the  edges  of  the  rings  reduced  by  perspective  to  an  oval* 


Fig.  777. 

but  shown  as  a  circle  in  the  lower  figure.  It  will  be  easily  per- 
ceived, that  tlie  visual  raj  passing  through  o  to  R  carried  round 
the  circle  R»  r'  r",  &c.,  will  describe  the  surface  of  an  oblique 
cone,  whose  base  is  the  plane  of  the  ring,  and  whose  axis  o  c 
is  inclined  to  the  base  at  an  angle  o  c  r,  equal  to  the  latitude  of 
the  station.  The  projection  of  the  edge  of  the  bow  upon  the 
firmament  will  then  be  the  intersection  of  the  surface  of  this 
oblique  cone  with  the  celestial  sphere ;  and  it  can  be  demon- 
strated, that  the  point  of  this  which  is  most  remote  from  the 
celestial  equator  is  the  projection  of  the  point  r,  where  the 
plane  of  the  meridian  intersects  the  plane  of  the  ring,  that 
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the  other  pomts  of  the  projection  approach  nearer  to  the  celes- 
tial equator  as  their  distance  from  the  meridian  increases,  and 
that  they  have  equal  declinations  at  equal  distances  east  and  west 
of  the  meridian. 

To  illustrate  this  still  more  fully,  let  n  c  e,  fig.  *l*l%.^  be  a 


Fig.  778. 


quadrant  of  a  meridian  of  the  planet,  c  being  its  centre  and  c  B 
its  semidiameter.  Let  rb'  be  a  section  of  the  inner  ring,  made 
by  the  plane  of  the  meridian  continued  through  the  ring,  and 
let  rr'  be  a  like  section  of  the  exterior  ring. 
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2854.  Rings  invisible  above  lot.  63*"  20"  88''.— If  we  suppose 
sn  observer  to  travel  upon  the  meridian  from  the  pole  n,  towards 
the  equator,  it  is  evident  that  at  first  all  view  of  the  rings  will 
be  intercepted  by  the  convexity  of  the  planet.  If  a  line  be 
drawn  from  r,  the  external  point  of  the  external  ring,  touching 
the  planet,  it  can  be  proved  that  the  point  of  contact  will  be  at 
the  latitude  of  SZ"*  W  38'';  and  it  is  evident,  that  when  the  ob- 
server has  descended  to  this  latitude  the  point  r  will  be  in  his 
horizon,  and  consequently  at  all  higher  latitudes  it  will  be 
below  his  horizon,  and  therefore  invisible.  It  appears,  there* 
fore,  that  no  part  of  the  outer  ring  is  visible  from  any  latitude 
above  63"*  2(K  38^',  and  that  at  this  Utitude  a  single  point  of  the 
exterior  ring  is  visible  just  touching  the  southern  point  of  the 
horizon. 

2855.  Appearance  at  lai.  59'*  20'  25".  —  If  the  observer  now 
descend  to  lower  latitudes,  the  exterior  ring  will  begin  to  rise 
above  his  horizon  at  the  southern  point;  and  it  can  be  show  a 
that  when  he  has  descended  to  the  latitude  59"*  20'  25",  his 
horizon  will  just  touch  the  inner  edge  r'  of  the  exterior  ring, 
cutting  off  a  segment  of  that  ring,  which  will  be  seen  above  the 
horizon. 

The  position  of  the  ring  thus  visible  above  the  horizon,  will 
have  the  appearance  of  a  lunar  segment. 

285a  Appearance  at  lot.  58**  32'  20" —  If  the  observer  con- 
tinue to  descend  to  a  lower  latitude,  the  ring  will  continue  to 
rise  to  a  greater  elevation,  and  the  interval  between  the  rings 
will  become  visible.  When  he  has  descended  to  the  lat*  58** 
82'  20"  his  horizon  will  just  touch  the  outer  edge  of  the  inner 
ring,  and  a  segment  of  the  interval  between  the  rings  will  be 
visible  under  the  arch  of  the  outer  ring,  which  will  appear  pro- 
jected upon  the  southern  firmament. 

The  outer  ring,  therefore,  is  presented  to  the  observer  in  this 
case  as  a  lunar  bow  spanning  the  southern  firmanent  It  must 
be  remembered  that  the  declinations  of  the  points  at  which 
each  of  the  edges  intersect  the  meridian  being  greater,  and  the 
declination  of  the  points  where  they  meet  the  horizon  less,  than 
that  of  any  intermediate  points,  all  parallels  having  declinations 
between  these  will  intersect  the  edges  severally,  while  all  paral- 
lels whose  declination  is  beyond  these  limits  will  pass  altogether 
above  or  altogether  below  them,  respectively,  as  the  case  may  be* 
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2857.  Appearance  at  lat  47*  33'  51".  —  When  the  observer 
has  descended  to  this  latitude,  the  horizon  will  just  touch  the 
inner  edge  of  the  inner  ring,  cutting  off  a  segment  of  it,  of  which 
the  horizon  is  the  base,  the  outer  ring  appearing  as  a  bow  above 
it,  as  represented  in  Jig,  779.     The  same  observation  as  to  the 


Fig.  779. 

varying  declination  of  the  edges  of  both  rings  will  be  appli- 
cable in  this  as  in  the  former  case,  and  certain  parallels  will  ac- 
cordingly intersect  each  of  the  edges  of  the  rings,  and  others 
will  be  entirely  covered  by  them. 

2858.  Appearance  at  lower  latitudes.  —  In  descending  to 
still  lower  latitudes,  the  elevation  of  the  bow  formed  by  the  pro- 
jection of  the  rings  increases ;  and  the  lower  ring,  which  hitherto 
has  presented  itself  as  a  mere  segment,  having  the  horizon  as  a 
base,  now  assumes  the  form  of  a  bow,  inclosing  below  it  a  plane 
segment  of  the  firmament,  as  represented  in^g.  780. 


Fig.  780. 
As  the  latitude  decreases,  the  amplitude  and  elevation  of  this 
how  also  increase,  but  its  apparent  breadth  diminishes,  as  in  Jigs. 
781,  782,  783.  The  obliquity  of  its  several  edges  to  the  direction 
of  the  parallels  of  declination  still  continues,  and  it  is  conse- 
quently still  intersected  by  them  at  every  point,  so  that  the 
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parallels  which  interlace  it  will  lie  alternately  above  and  below 
its  edges  as  already  described,  some  parallels,  however,  lying 


Fig.  781. 


Fig.  782. 


Fig.  783. 

entirely  above  and  others  entirely  below  it,  as' represented  in^-^. 
784.  It  will  be  easy  to  perceive  by  this,  without  rendering  the 
diagrams  complicated  by  multiplying  upon  them  the  arcs  of  the 
parallels,  that  they  will  be  curiously  interlaced  by  these  paral- 
lels, which  will  pass  alternately  above  and  below  the  rings,  being 
at  one  place  covered  by  them,  and  at  another  uncovered ;  at  one 
point  crossing  the  interval  between  the  rings,  and  at  another 
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lying  above  or  below  it ;  some  parallels  lying  entirely  above, 
others  entirely  below,  either  ring,  while  some  may  be  alto- 


Fig  784. 

gether  covered  by  the  one  ring  or  the  other.  I  have  ascer- 
tained, by  an  investigation  of  the  dimensions  and  form  of  the 
bow  in  different  latitudes,  that  the  only  latitudes  in  which  a 
parallel  lies  altogether  within  the  interval  between  the  rings 
are  those  included  between  the  latitudes  SB"*  and  56^  At  aH 
other  latitudes  of  the  planet  from  which  the  interval  between 
the  rings  is  visible,  the  parallels  which  pass  between  the  ring 
will  lie  partly  within  the  interval,  and  partly  above  or  below  it. 
2869.  Occuliatiofu  of  celestial  objects  by  the  rings,  —  It  fol- 
lows, from  all  this,  that,  in  general,  celestial  objects  are  carried 
by  their  diurnal  motion  alternately  above  and  below  each  of  the 
edges  of  the  rings ;  and  if  a  parallel  intersects  all  the  edges, 
which  happens  in  many  cases,  then  the  object  in  such  a  parallel 
wiU  rise  below  the  rings,  will  pass  successively  under  them :  will 
be  occulted  by  each  of  them,  will  be  visible  in  crossing  the 
interval  between  them,  and  will  culminate  above  them,  and  this 
will  take  place  in  precisely  the  same  manner,  and  at  precisely  the 
same  altitudes  and  azimuths  £.  and  W.  of  the  meridian,  to  that 
such  an  object  will  be  occulted  four  times  by  the  rings  between 
rising  and  setting,  that  is  to  say,  twice  between  the  horizon^  voA 
meridian  east  and  west  of  the  latter.  In  rising,  it  wHl  be  ftri|t 
occulted  by  theinner  ring,  then  passing  across  the  int^r? al  vttt 
be  occulted  by  tile  outer  riqg,  after  which  it  will  culminate  cle#^ 
^  the  rings;  and ki  descending  on  the  west  towards  the  bprizon, 
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it  will  be  SQCcessivelj  occulted  bj  the  outer  and  inner  rings  in 
the  same  manner  and  at  the  same  altitudes  as  it  was  occulted 
before  culmination,  and  will  finally  set  clear  of  the  rings. 

When,  as  happens  in  some  cases,  the  parallel  which  comes 
under  these  conditions  falls  within  the  range  of  the  sun's  de- 
clination, that  is  to  say,  when  its  declination  is  less  than 
26°  48'  40",  the  sun,  attaining  this  particular  declination,  will 
suffer  four  such  eclipses  between  rising  and  setting, — two  before 
and  two  after  culmination. 

In  some  cases  a  parallel  of  declination  will  be  covered  by 
the  lower  ring  at  the  meridian,  but  will  be  clear  of  it  near 
the  horizon.  This  will  take  place  when  the  declination  of 
the  parallel  is  greater  than  that  of  the  points  where  the  lower 
edge  of  the  ring  meets  the  horizon,  and  less  than  that  of  the 
point  where  it  meets  the  meridian.  In  that  case,  an  object  in 
such  a  parallel  will  rise  and  set  clear  of  the  ring,  but  will  lie 
occulted  by  it  at  culmination.  Such  an  object,  therefore,  will 
be  occulted  only  once  between  rising  and  setting. 

An  object  may  in  like  manner  be  occulted  at  or  a  little  aboTe 
the  horizon  by  the  inner  ring,  and  may  culminate  in  the  inter- 
Tal,  or  it  may,  after  being  occulted  by  the  inner  ring,  pass  under 
the  outer  ring  and  culminate  occulted  by  it. 

In  fine,  all  these  various  phenomena,  and  many  others  too 
numerous  and  complicated  to  be  explained  here,  are  manifested 
in  the  Saturnian  firmament,  and  the  sun  itself  is  subject  to  most 
of  them.  It  happens,  in  some  cases,  that  a  certain  number  of 
parallels  of  declination  are  entirely  covered  by  the  outer  and 
others  by  the  inner  ring,  and  when  the  sun  is  found  on  any  one 
of  these  parallels  it  will  be  eclipsed  constantly  from  rising  to 
setting  by  one  or  the  other  ring. 

2860.  Zone  visible  between  the  rings,  —  The  zone  of  the 
heavens  visible  between  the  rings  is  found  by  calculating  tlie 
visual  angle  subtended  at  the  station  of  the  observer  by  lines 
drawn  to  the  inner  edge  of  the  outer  and  to  the  outer  edge  of 
the  inner  ring,  supposing  that  the  thickness  of  the  outer  ring 
bears  an  inconsiderable  proportion  to  the  width  of  the  space 
which  separates  them ;  and  it  is  evident  that  the  magnitude  of 
this  visual  angle  will  gradually  and  indefinitely  decrea;i(e  as  the 
observer  approaches  the  equator,  inasmuch  as  the  obliquity  of 
the  visual  ray  to  the  plane  of  the  rings  indefinitely  increases. 

2861.  Effect  of  the  thickness  of  the  rings  on  this  zone,  —If, 


Digitized  by 


Google 


THE  iiAJOR  PLANETS.  409 

liowever,  the  thickBess  of  the  outer  ring  be  supposed  to  heap 
any  considerable  ratio  to  the  width  of  the  space  between  the 
ringS)  it  will  intercept  a  portion  of  the  visual  rays  included 
within  the  angle  formed  by  the  rays  drawn  to  the  edges  of  thd 
two  ringSy  and  the  effective  opening  will  be  found  by  subtract- 
ing the  visual  angle  subtended  by  the  thickness  of  the  outer 
ring  from  the  visual  angle  subtended  by  the  space  between  the 
rings ;  and  since  the  obliquity  of  the  visual  rays  bounding  the 
former  gradually  diminishes  in  approaching  the  equator,  while 
the  obliquity  of  the  visual  rays  bounding  the  latter  gradually 
increases,  it  is  evident  that  the  visual  angle  subtended  by  the 
thickness  of  the  outer  ring  continually  increasing  will,  at  some 
certain  latitude,  become  equd  to  the  visual  angle  subtended  by 
the  space  between  the  rings,  and  at  that  latitude  accordingly, 
as  well  as  at  all  inferior  latitudes,  the  thickness  of  the  outev 
ring  will  altogether  intercept  the  opening,  and  no  zone  of  the 
heavens  will  be  visible*  through  it.  I  have  found  by  calculation 
that  if  250  miles  be  admitted  as  the  major  limit  of  the  rings,  all 
view  of  the  heavens  through  the  opening  will  be  intercepted  at 
latitudes  below  8° ;  and  if  the  probable  minor  limit  of  160  miles 
be  assumed,  all  view  will  be  intercepted  at  and  below  the  lati« 
tude  of  5°. 

2862.  Solar  eclipses  by  the  rings.  —  The  principles  upon 
which  solar  eclipses  by  the  rings  in  each  latitude  are  calculated 
are,  therefore,  easily  understood.  By  comparing  the  parallel  of 
declination  of  the  sun  at  any  time  with  the  parallels  of  dcclina* 
tion  of  the  points  where  each  of  the  edges  of  each  of  the  rings 
meets  the  horizon  and  the  meridian,  the  conditions  under  which 
it  will  intersect  the  edges  severally  will  be  determined,  and 
hence  it  will  appear  that  a  most  curious  and  interesting  body  of 
solar  phenomena  not  anticipated  in  any  of  the  works  in  which 
the  uranography  of  Saturn  has  been  investigated  are  brought  to 
light  In  the  lower  latitudes  the  sun  undergoes  at  certain 
epochs  four  eclipses  per  day,  two  in  the  forenoon  and  two  in  the 
afternoon,  and  between  each  pair. of  eclipses  is  seen  shining 
through  the  space  between  the  rings.  In  higher  latitudes,  at 
certain  seasons,  it  does  not  emerge  from  one  or  other  of  the  rings, 
and  suffers  only  three  eclipses,  two  by  one  ring  and  one  by  the 
other.  At  other  latitudes,  at  certain  times,  it  is  only  oclipsed 
at  rising  and  setting,  and  at  others  only  in  culminating. 

Our  limits,  however^  preclude  us  from  giving  these  details^ 
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and  others  not  less  carious,  for  which  the  reader  is  referred  to 
the  paper  alrf^adj  mentioned. 

2863.  EcUp9e$  of  the  saielliies.  —  The  inner  satellites  being 

in  the  plane  of  the 
rings,  they  will  neces- 
sarily be  projected  on 
a  zone  of  the  heavens 
outside  the  exterior 
ring,  and  can  never  be 
intercepted  or  eclipsed 
by  the  rings  {fig.  784.). 

The  eighth  satellite,  however,  whose  orbit  has  an  obliquity 
of  12°  or  13°  to  the  plane  of  the  rings,  will  be  eclipsed  at  those 
latitudes  at  which  the  edges  of  the  rings  have  declinations  less 
than  those  which  it  attains.  These  eclipses  are  calculated  and 
explained  on  the  same  principles  exactly  as  those  of  the  sun, 
mutaiU  mutandis, 

2864.  Satumian  seasons. — It  has  been  shown  (2795)  that  the 
axis  of  the  planet  is  inclined  to  the  plane  of  its  orbit  at  an  angle 
of  26°  48'  40"^  and  is,  like  the  axis  of  the  earth,  carried  parallel 
to  itself  round  the  sun.  The  obliquity  therefore  which,  so  far 
as  the  sun  is  concerned,  determines  tlie  extremes  of  the  Satur- 
nian  seasons,  differs  by  no  more  than  3°  from  that  of  the  ecliptic 
The  tropics  are  parallels  of  latitude  26°  48^  40^  north  and  south 
of  the  equator.  The  parallels  within  which  the  sun  remains  in 
winter  below  the  horizon  during  one  or  more  revolutions  of  the 
planet  are  at  the  latitude  63°  1 1'  20"^  These  circles,  therefore, 
affect  the  Satumian  climatology  in  the  same  manner  as  the 
tropics  and  polar  circles  affect  that  of  the  earth.  The  slow  mo- 
tion of  the  sun  in  longitude,  and  its  rapid  diurnal  motion,  how- 
ever, must  produce  important  differences  in  its  effects  as  com- 
pared with  those  manifested  on  the  earth.  While  the  sun,  as 
seen  from  the  earth,  changes  its  longitude  at  the  mean  rate  of 
very  nearly  1°  per  day,  its  change  of  longitude  for  Saturn  is 
little  more  than  2'  per  day ;  and  while,  as  seen  in  the  terres- 
trial firmament,  it  is  carried  by  the  diurnal  motion  over  1°  in 
four  minutes,  a  Satumian  observer  sees  it  move  over  the  same 
space  in  less  than  two  minutes.  If  the  heating  and  illuminating 
power  of  the  sun  be  diminished  in  a  high  ratio  by  the  greater 
distance  of  that  luminary,  some  compensation  may  perhaps  arise 
from  the  rapid  alternations  of  light  and  darkness. 
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UL  Ubanus. 

2865.  Discovery,  •—  While  occupied  in  one  of  bis  surveys  of 
tbe  heavens  on  the  night  of  the  13th  March,  1781,  the  attention 
of  Sir  William  Herschel  was  attracted  by  an  object  which  he 
did  not  find  registered  in  the  catalogue  of  stars,  and  which  pre- 
sented in  the  telescope  an  appearance  obyionsly  difierent  from 
that  of  a  fixed  star.  On  viewing  it  with  increased  magnifying 
powers,  it  presented  a  ^nsible  disk ;  and  afler  the  lapse  of  some 
days,  its  place  among  the  fixed  stars  was  changed.  This 
object  must,  therefore,  be  either  a  comet  or  a  planet ;  and  Sir 
W.  Herschel,  in  the  first  instance,  announced  it  as  the  former. 
When,  however,  submitted  to  further  and  more  continued  ob- 
servation, it  was  found  to  move  in  an  orbit  nearly  circular, 
inclined  at  a  small  angle  to  the  plane  of  the  ecliptic,  and  to  have 
a  disk  sensibly  circular. 

It  appeared,  therefore,  to  have  the  characters,  not  of  a  comet, 
but  a  planet  revolving  outside  the  orbit  of  Saturn.  It  was 
named  the  ^*  Greorgium  Sidus"  by  Sir  W.  Herschel,  in  compli- 
ment to  his  friend  and  patron  Greorge  III.  This  name  not  being 
accepted  by  foreign  astronomers^  that  of  •*  Herschel"  was  pro- 
posed by  Laplace,  and  to  some  extent  for  a  time  adopted, 
Definitively,  however,  the  scientific  world  has  agreed  upon  the 
name  "  Uranus,"  by  which  this  member  of  the  system  is  now 
oniversally  designated. 

2866.  Period^  by  synodic  motion. — Owing  to  the  great  length 
of  the  period  of  this  planet,  those  methods  of  determination 
which  require  the  observation  of  one  or  more  complete  revo- 
lutions could  not  be  applied  to  it.  The  synodic  period,  however, 
or  the  interval  between  two  successive  oppositions,  being  only 
369*4'  days,  supplied  a  means  of  obtaining  a  first  approximation. 
This  gives 

1  II I_ 

p  ■"  365-25      369-40  ""  30643* 
which  gives  a  period  of  30,643  days* 

2867.  By  the  apparent  motion  in  ^t^oifrafure.  —  When  a 
planet  is  in  quadrature,  its  visual  direction  being  a  tangent  to 
the  earth's  orbit,  its  apparent  place  is  not  afiected  by  the  earth's 
orbital  motion.  In  the  quadrature  which  precedes  opposition, 
the  earth  moves  directly  towards  the  planet ;  and  in  the  quad- 
rature which  follows  opposition,  it  moves  directly  from  the 
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planet  In  neither  ease,  therefore,  would  its  motion  prodace 
any  apparent  change  of  place  in  the  planet.  It  follows,  there- 
fore, that  when  a  planet  is  in  quadrature,  its  apparent  motion  is 
due  exclosiTelj  to  its  own  motion,  and  not  at  all  to  that  of  the 
earth.  The  dailj  motion  of  the  planet  as  then  observed  is, 
therefore,  the  actual  daily  increment  of  its  geocentric  longitude. 
But  in  the  case  of  a  planet  such  as  Uranus,  or  even  Saturn, 
whose  distance  from  the  sun  bears  a  large  ratio  to  the  earth^s 
distance,  the  geocentric  motion  of  the  planet  will  not  difier  sen- 
sibly from  the  heliocentric  motion ;  and,  therefore,  the  geocen- 
tric daily  increment  of  the  planet's  longitude  observed  when  in 
quadrature  may,  to  obtain  an  approximative  value  of  the  period, 
be  taken  as  the  daily  increment  of  the  heliocentric  longitude. 
If  this  increment  be  expressed  by  l^  we  shall  have 

360^ 

Now,  it  is  found  that  the  apparent  daily  increment  of  the  planet's 
longitude  when  in  quadrature  is  42'''23.  If  360^  be  reduced  to 
seconds,  we  shall  then  have 

1296000 
^  ""    42-23    —  ^^^^* 

By  more  accurate  calculation,  the  periodic  time  has  been  deter- 
mined at  30,686*82  days,  or  84  years. 

2868.  Heliocentric  motions.  —  The  mean  heliocentric  motion 
of  the  planet  is  therefore,  more  exactly, 

^=4Mr8"-5  yearly; 
8-|?i2=21'25"-7  monthly, 

l???22?=42-''233  daily. 
3Q687  ,  /  . 

2869.  Synodic  motion.  —  The  mean  daily  apparent  motion  of 
the  sun  being  0^-9856,  or  3548"!^  the  mean  daily  synodic 
motion  or  increment  of  elongation  of  Uranus  will  be 

a54816-42''-23=3505"-93=58'-43=0''-975. 

The  synodic  period  is  therefore,  more  exactly, 

^^  =369-23  days, 
0-975 

The  earth,  therefore,  in  4^  days  overtakes  the  planet,  after  comi 

pleting  each  sidereal  revolutioBw  • 
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2870.  Ditiahce. -^The  mean  distance  r  of  the  planet  froiA 
the  son,  determined  bj  the  harmonic  law,  is  therefore 

r»=  842=7056, 

r=1918. 
The  mean  distance  is  therefore  19*18  times  that  of  the  earth, 
mnd,  consequently,  the  actual  distance  is     .     . 

95,000,000  X  J918  =  1,822,100,000  mUes. 

The  distance  of  Uranos  from  the  sun  is  therefore  1822  millions 
pf  miles,  and  its  distance  from  the  earth,  when  in  opposition,  is 
therefore  1727  millions  of  miles. 

The  eccentricity  of  the  orbit  of  Uranus  being  0O46,  thes^ 
.^HBBH  distances  are  liable  to  only  a  yery  small  yariation. 
^^^^^H  The  distdnoe  from  the  siin  is  increased  in  aphelion; 
^^^^^H  an>d  diminished  in  perihelion  by  less  than  a  twentieth 
^^^^^H  of  its  entire  amount  The^land  of  the  orbit  eoin» 
^^^^^H  cides  yery  nearly  with  that  of  th^  ecliptic. 
^^^^^H  2871;  Relative  orbit  and  distance /ram  the  earth. 
^^^^^m  —The  relative  proportion  of  the  orbits <>f  Uranus 
^^^^^H  and  tde  earth  are  represented  in  fy,  785.,  where 
^^^^^B  ee'e''  is  the  orbit  of  the  earth,  and  su  the  distance 
j^^^^^M  of  Uranus  from  the  sun.  The  four  positions  of  the 
^^^^^H  earth,  corresponding  to  the  opposition,  conjunction^ 
j^^^^^M  and  quadratures  of  the  planet,  are  represented  as 
^^^^^H  in  the  former  cases. 

^^^^^H  2872.  Annual  parallax.  —  Since  fru  is  19*18 
^^^^^1  times  SE,  we  shall  have  for  the  angle 


8UB'  = 


57^-80 


19-18 


X  =  3^ 


^^^^1  The  diameter  of  the  earth's  orbit,  measuring  as  it 
^^^^1  does  nearly  200  millions  of  miles,  therefore  sub* 
^^^^H  tends  at  Uranus  a  visual  angle  of  only  6^ ;  and  a 
^^^^H  globe  which  would  fill  it,  seen  from  the  planet, 
^^^^H  would  have  an  apparent  diameter  only  twelve  times 
^^^^H  greater  than  that  of  the  moon. 
^^^H  2878.  Vfut  scale  of  the  orbital  moeum.— Tlie 
^^^^H  distance  of  Uranus  from  the  sun  being  above  nine- 
^H^^l  teen  times  tjiat  of  the  earth,  and  the  earth  being  at 
^BflH  such  a  distance  that  light,  moving  at  the  rate  of 
Fig.  7S5.    nearly  200,000  miles  per  second,  takes  about  eight 
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^inutes  to  come  from  the  son  to  the  earth ;  it  ibiloirs  that  it  wHl 
take  19  X  8  s=  152  minutes,  or  two  hours  and  a  half,  to  move 
from  the  son  to  Uranns.  Sunrise  and  sunset  are,  therefore,  not 
perceived  by  the  inhabitants  of  that  planet  for  two  hours  and  a 
half  after  they  really  take  place,  for  the  sun  does  not  appear  to 
rise  or  set  until  the  light  moving  from  it,  at  the  moment  it  touches 
the  plane  of  the  horizon,  reaches  the  eye  of  the  observer. 

The  diameter  of  the  orbit  of  Uranus  measuring,  in  round 
numbers,  8600  millions  of  miles,  its  circumference  measures 
1 1^300  millions  of  miles,  over  which  the  planet  moves  in  30,687 
days.  Its  mean  daily  motion  is  therefore  368,000  miles,  and  its 
houriy  motion,  consequently,  about  15,300  miles. 

2874.  Apparent  and  real  diameters.  —  The  apparent  dia* 
meter  of  Uranus  in  opposition  exceeds  4'^  by  a  small  friaction. 
At  the  cUstance  of  the  planet  from  the  earth,  in  thai  poaition, 
the  Mnear  value  of  1''  is 

I!5g0g22  =  8421»aes. 
206265 

The  actual  diameter  of  the  planet  is  therefore 

8421  X  41  =  34,526  miles, 

being  about  half  that  of  Saturn^  and  a  little  more  than  4^  times 
that  of  the  earth. 

2875.  Surface  and  volume.  —  The  surface  of  Uranus  is 
therefore  19  times,  and  its  volume  82  times,  that  of  the  earth. 

2876.  Diwmal  rotation  and  physical  character  qf  surface 
unascertained.  —  The  vast  distance  of  this  planet,  and  its  con* 
sequent  small  apparent  magnitude  and  faint  illumination,  have 
rendered  it  hitherto  impracticable  to  discover  any  indications 
of  its  diurnal  rotation,  the  existence  of  an  atmosphers,  or  any  of 
the  other  physical  characters  which  the  telescope  has  disclosed 
in  the  case  of  the  nearer  of  the  great  planets. 

2877.  Solar  Ught  and  heat  —  The  apparent  diameter  of  the 

sun,  as  seen  from  Uranus,  is  less 
than  as  seen  from  the  earth  in 
the  ratio  of  1  to  19.  The  mag** 
nitude  of  the  sun's  dilk  at  the 
earth  being  supposed  to  be  re« 
presented  by  e.  Jig.  786.,  its 
magnitude  seen  from  Uranus 
would  be  u.      • 

fig.  786*  "  '  The  illuminating  and  warming 
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powers  of  tlie  solar  rajs,  under  the  same  physical  c&ndUians^  are 
therefore  19^  =  361  times  less  at  Uranus  tlian  at  the  earth. 
,  2878.  Siupected  rings.  —  It  was  at  one  time  suspected  by 
Sir  W.  Herschel  that  this  planet  was  surrounded  by  two  sjstemi 
of  rings  with  planes  at  right  angles  to  each  other.  Subsequent 
observation  has  not  realised  this  conjecture. 

2879.  Satellites.  -^  It  has  been  ascertained  that  Uranus,  like 
the  other  mi^or  planets,  is  attended  by  a  system  of  satellitest 
the  number  of  which  is  not  yet  certainly  determined,  and 
.wbichy  from  the  great  remoteness  of  the  Uranian  system,  cannot 
be  seen  at  all  except  by  the  aid  of  the  most  perfect  and  powerful 
telescopes. 

Sir  W.  Herschel,  soon  after  discovering  this  planet,  announced 
the  existence  of  a  system  of  six  satellites  attending  it,  having 
the  periods  and  distances  expressed  in  the  following  Table :  ^- 


<Mcr. 

Pwiod. 

DUUBOMln   ^ 

D. 

H.             M. 

& 

4 
B 
10 
13 
S8 
107 

? 

16          M 
tt           ? 
11            7 

S           ? 
IS           ? 

zvz 

12-6 

? 

17-0 
19  8  V 
22-8 
45-ft  f 
91-0? 

Subsequent  observations  have  confirmed  this  discovery  so  far 
only  as  relates  to  the  four  inner  satellites.  The  fifth  and  sixth 
not  having  been  re-observed,  notwithstanding  the  vast  improve- 
ment which  has  taken  place  in  the  construction  of  telescopes, 
and  the  gi*eatly  multiplied  number  and  increased  activity  and 
zeal  of  observers,  must  be  considered,  to  say  the  least,  as  pro^ 
blematicaL 

Of  the  four  which  have  been  re-observed,  the  second  and 
fourth  are  by  far  the  most  conspicuous,  and  their  distances  and 
periods  have  been  ascertained  with  all  desii*able  accuracy  and 
certainty.  The  first  was  re-observed  by  Mr.  Lassell  at  Liver- 
pool,  and  by  M.  Otto  Struve  at  Dor  pat,  in  1847.  The  fourth 
was  observed  about  the  same  time  by  Mr.  LasselL 

2880.  Anomalotis  inclination  of  their  orbits,  —  Contrary  to 
the  law  which  prevails  without  any  other  exception  in  the 
motions  of  the  bodies  of  the  solar  system,  the  orbits  of  the 
satellites  of  Uranus  are  inclined  to  the  plane  of  the  orbit  of  the 
planet,  and  therefore  to  that  of  the  ecliptic,  at  an  angle  of 
78^  58%  being  little  less  than  a  right  angle,  and  their  motions 
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in  these  orbits  are  retrograde,  that  is  to  saj,  their  longitudes  as 
seeD  from  Uranus  cohtinuallj  decrease. 

'  When  the  earth  has  such  a  position  that  the  visual  direction 
Is  at  right  angles  to  the  line  of  nodes,  the  angle  under  the  plane 
Df  the  orbit  and  the  visual  line  will  be  78''  58';  and  in  certain 
positions  of  the  planet  they  will  be  seen,  as  it  were,  tit  plan, 
'Being  nearly  circular,  the  satellites  will  in  such  a  position  be 
visible  revolving  round  the  primary  throughout  their  entire 
brbits,  the  projections  not  sensibly  di^ring  ftom  circles. 

2881.  Apparent  motion  and  phases  as  seen  from  Uranus.  — 
'The  diujrnal  rotatiou  and  the  direction  o£  the  axis  of  the  planet 
being  unascertained,  the  inclination  of  the  orbits  to  the  planet's 
€qoator  is  consequently  unknown.  It  appear^  however,  that 
mil  the  orbits  have  the  same  line  of  nodes,  and  are  in  a  common 
plane  or  nearly  so*  Twice  in  each  revolution  of  the  planet 
.this  plane  passes  through  the  sun,  when  the  satellites  exhibit 
the  same  succession  of  phases  to  the  planet  as  the  moon  presents 
to  the  earth,  except  so  far  as  they  are  modified  by  th6  ejects  of 
the  diurnal  parallax,  which  aire  considerable,  especially  in  the 
case  of  the  nearer  satellites. 

Twice  in  each  revolution  of  the  planet,  at  epochs  exactly  in* 
termediate  between  the  former,  the  line  of  nodes  being  at  right 
angles  to  the  line  joining  the  sun  and  planet,  the  plane  of  the 
satellites'  orbits  is  nearly  perpendicular  to  the  same  line.  In 
this  case  the  satellites,  during  their  entire  revolution,  suffer  no 
other  change  of  phase  than  what  may  be  produced  by  the 
diurnal  parallax,  and  appear  continually  with  the  same  phases 
fLS  that  which  the  moon  presents  at  tb^  quarters. 

In  the  intermediate  position  of  the  planet  a  complicated  va- 
riety of  phases  will  be  presented,  which  may  be  traced  and 
analysed  by  giving  due  attention  to  the  change  of  direction  of 
the  line  of  nodes  of  the  satellites'  orbits  to  the  line  joining  the 
planet  with  the  sun. 

28H2.  Mass  and  density  of  Uranus.  ^^  Some  uncertainty 
still  attends  the  determination  of  the  elements  of  these  more 
distant  and  recently  discovered  planets^  The  mass  and  density 
of  Uranus  are  only  provisionally  determined.  The  mass  is  as- 
sumed  to  be  the  24,900th  part  of  that  of  the  sun»  and  thQ 
density  the  sixth  of  that  of  the  earth. 
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]  IV.  Neptunb,  ,-> 

•  2883.  Discovery  of  Neptune.  —  The  discoTcry  of  ibis  planet 
constitutes  one  of  the  most  signal  triumphs  of  mathematicill 
ddence,  and  marks  an  era  which  must  be  for  ever  memorable 
in  the  historj  of  physical  investigation. 

'  If  the  planets  were  subject  only  to  the  attraction,  of  the  sunj 
they  would  revolve  in  exact  ellipses,  of  which  the  sun  would  be 
the  common  focus;  but  being  also  subject  to  the  attraction  of 
each  other,  which,  though  incomparably  more  feeble  than  that 
of  the  presiding  central  mass,  produces  sensible  and  measure 
lible  effects,  consequent  deviations  from  these  elliptic  paths, 
caUed  pebturbations,  take  place,  which  will  be  more  fully 
explained  in  a  subsequent  chapter.  The  masses  and  relative 
motions  of  the  planets  being  known,  these  disturbances  can  be 
ascertained  with  such  accuracy  that  the  position  of  any  known 
planet  at  any  epoch,  past  or  future,  can  be  determined  with  th^ 
most  surprising  degree  of  precision.  ' 

If,  therefore,  it  should  be  found,  that  the  motion  which  a 
planet  is  observed  to  have  is  not  in  accordance  with  that  whicH 
it  ought  to  have,  subject  to  the  central  attraction  of  the  sun, 
and  the  disturbing  actions  of  the  surrounding  planets,  it  must 
be  inferred  that  some  other  disturbing  attraction  acts  upon  it^ 
proceeding  from  an  undiscovered  cause,  and,  in  this  case,  a 
problem  novel  in  its  form  and  data,  and  beset  with  difficulties 
which  might  well  appear  insuperable,  is  presented  to  the  phy- 
sical astronomer.  If  the  solution  of  the  problem,  to  determine 
the  disturbances  produced  upon  the  orbit  of  a  planet  by  another 
planet,  whose  mass  and  motions  are  known,  be  regarded  as  a 
stupendous  achievement  in  physical  and  mathematical  science, 
how  much  more  formidable  must  not  the  converse  question  be 
regarded,  in  which  the  disturbances  are  given  to  find  the  planet! 

Such  was,  nevertheless,  the  problem  of  which  the  discovery 
of  Neptune  has  been  the  astonishing  solution. 
'  Although  no  exposition  of  the  actual  process  by  which  this 
great  intellectual  achievement  has  been  effected,  could  be  com- 
prehended without  the  possession  of  an  amount  of  mathematical 
knowledge  far  exceeding  that  which  is  expected  from  the 
readers  of  treatises  much  less  elementary  than  the  present 
yolumci  we  may  not  be  altogether  unsuccessful  in  attempting 
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to  iUostrate  the  principle  on  which  an  investigation,  attended 
with  80  sarprising  a  result,  has  been  based,  and  even  the 
method  upon  which  it  iMB  been  conducted,  so  as  to  strip  the 
proceeding  of  much  of  that  incomprehensible  character  which, 
in  the  view  of  the  great  mass  of  those  who  consider  it  without 
being  able  to  follow  the  steps  of  the  actual  investigation,  is 
generally  attached  to  it.  and  to  show  at  least  the  spirit  of  the 
reasoning  bj  which  the  solution  of  the  problem  has  been  acoom« 
plished. 

For  this  purpose,  it  will  be  necessarj,  Jirsi^  to  explain  the 
nature  and  character  of  those  disturbances  which  were  observed 
and  which  could  not  be  ascribed  to  the  attraction  of  any  of  the 
known  phmets ;  and,  secamdly^  to  show  in  what  manner  an  an« 
discovered  phmet  revolving  outside  the  known  limits  of  the 
solar  system  could  produce  such  eflPects* 

2884.  Unexplained  duturbaneei  observed  in  the  motion  of 
Uranui.  —  The  planet  Uranus,  revolving  at  the  extreme  limits 
of  the  solar  system,  was  the  olject  in  which  were  observed  those 
disturbances  which,  not  being  the  effects  of  the  action  of  any  of 
the  known  planets,  raised  the  question  of  the  possible  existence 
of  another  planet  exterior  to  it,  which  might  produce  them* 

After  the  discovery  of  the  planet  by  Sir  W.  Herschel,  in 
1781,  its  motions,  being  regularly  observed,  supplied  the  data 
by  which  its  elliptic  orbit  was  calculated,  and  the  disturbances 
produced  upon  it  by  the  masses  of  Jupiter  and  Saturn  ascer« 
tained,  the  other  planets  of  the  system,  by  reason  of  their  re* 
moteness,  and  the  comparative  minuteness  of  their  masses,  not 
producing  any  sensible  effects.  Tables  founded  on  these  re* 
suits  were  computed,  and  ephemerides  constructed,  in  which 
the  places  at  which  the  planet  ought  to  be  found  from  day  to 
day  for  the  future  were  duly  registered* 

The  same  kind  of  calculations  which  enabled  the  astronomer 
thus  to  predict  the  future  places  of  the  planet,  would,  as  is  evi- 
dent, equally  enable  him  to  ascertain  the  places  which  had  been 
bccupied  by  the  planet  in  times  past  By  thus  examining,  re- 
trospectively, the  apparent  course  of  the  planet  over  the  firma«> 
ment,  and  comparing  its  computed  places  at  particular  epochs 
with  those  of  stars  which  had  been  observed,  and  which  had 
subsequently  disappeared,  it  was  ascertained  that  several  of 
these  stars  had  in  fact  been  Uranus  itself  whose  planetary 
character  Md  not  been  recognised  from  its  appearance,  owing 
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to  the  imp^rfectioii  of  the  telescopes  then  in  Use,  n6r  from  its 
apparent  motion,  owing  to  the  observations  not  having  been 
sufficiently  continuous  and  multiplied. 

In  this  way  it  was  ascertained,  tliat  Uranus  had  been  ob<» 
aerved,  and  its  position  recorded  as  a  fixed  star,  six  times  by 
Flamstead;  via.,  once  in  1690,  once  in  1712,  and  four  times  in 
1715;  — once  by  Bradley  in  1753,  once  by  Mayer  in  1756,  and 
twelve  times  by  Lemonnier  between  1750  and  1771* 

Now,  although  the  observed  positions  of  these  oljects,  com* 
bined  with  their  subsequent  disappearance,  left  no  doubt  what^ 
ever  of  their  identity  with  the  planet,  their  observed  places 
deviated  sensibly  from  the  places  which  the  planet  ought  to 
have  had  according  to  the  computations  founded  upon  its 
motions  after  its  discovery  in  1781.  If  these  deviations  could 
have  been  shown  to  be  irregular  and  governed  by  no  law,  they 
^ould  be  ascribed  to  errors  of  observation*  If,  on  the  other 
hand,  they  were  found  to  follow  a  regular  course  of  increase  and 
decrease  in  determinate  directions,  they  would  be  ascribed  to 
the  agency  of  some  undiscovered  disturbing  cause,  whose  action 
at  the  epochs  of  the  ancient  observations  was  different  from  ita 
action  at.  more  recent  periods. 

The  ancieut  observations  were,  however,  too  limited  in  num* 
ber  and  too  discontinuous  to  demonstrate  in  a  satisfactory 
manner  the  irregularity  or  the  regularity  of  the  deviation* 
Nevertheless,  the  circumstance  raised  much  doubt  and  misgiving 
in  the  mind  of  Bouvard,  by  whom  the  tables  of  Uranus,  based 
upon  the  modern  observations,  were  constructed;  and  he  stated 
that  he  would  leave  to  futurity  the  decision  of  the  questioii 
whether  these  deviations  were  due  to  errors  of  observation,  or 
to  an  undiscovered  disturbing  agent  We  shall  presently  be 
enabled  to  appreciate  the  sagacity  of  this  reserve. 

The  motions  of  the  planet  continued  to  be  assiduously  ob- 
served, and  were  found  to  be  in  accordance  with  the  tables  for 
about  fourteen  years  from  the  date  of  the  discovery  of  the 
planet.  About  the  year  1795,  a  slight  discordance  between  the 
tabular  and  observed  places  began  to  be  manifested,  the  latter 
being  a  little  in  advance  of  the  former,  so  that  the  observed 
longitude  l  of  the  planet  was  greater  than  the  tabular  longitude 
l'.  After  this,  from  year  to  year,  the  advance  of  the  observed 
upon  the.  tabular  place  increased,  so  that  the  excess  l— l' 
of  the  observed  above  the  tabular  longitude  was  continually 
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tagmented.  This  increase  of  l— l'  oontinued  until  1822,  wbett 
h  became  stationarj,  and  afterwards  b^an  to  decrease.  This 
decrease  continaed  until  about  18dO-*dly  when  the  deTiatioQ 
L  ^  l'  disappeared,  and  the  tabular  and  observed  longitudes  again 
agreed.  This  accordance,  however,  did  not  long  prevail.  The 
[ilanet  soon  began  to  fall  behind  its  tabular  place,  so  that  its 
observed  longitude  l,  which  before  1831  was  greater  than  the 
tabular  longitude  z.\  was  now  less;  and  the  distance  i.'*-l  of  th« 
observed  behind  the  tabular  place  increased  from  year  to  jear, 
and  still  increases. 

'  It  appears,  therefore,  that  in  the  deviations  of  the  planet 
from  its  computed  place,  there  was  nothing  irregular  and 
nothing  compatible  with  the  supposition  of  any  cause  depending 
un  the  accidental  errors  of  observation.  The  deviation,  on  the 
contrary,  increased  gradually  in  a  certain  direction  to  a  certain 
point ;  and  having  attained  a  maximum,  then  b^an  to  decrease^ 
which  decrease  still  continues. 

The  phenomena  must,  therefore,  be  ascribed  to  the  regular 
agency  of  some  undiscovered  disturbing  cause. 

.2885,  A  planet  exterior  to  Uranus  would  produce  a  like 
effect.  —  It  is  not  difficult  to  demonstrate  that  deviations  from 
^ts  computed  place,  such  as  those  described  above,  would 
i)e  produced  by  a  planet  revolving  in  an  orbit  having  the  same 
4>r  nearly  the  same  plane  as  that  of  Uranus,  which  would  be  in 
heliocentric  conjunction  with  that  planet  at  the  epoch  at  which 
its  advance  beyond  its  computed  pla^  attained  its  maximum. 
Let  A  B  0  D  E  F,  ^g.  787.,  represent  the  arc  of  the  orbit  of 

Uranus  described  by  tlie  pla^ 
net  during  the  manifestation 
of  the  perturbations.  Let  N  H" 
represent  the  orbit  of  the  sup^ 
posed  undiscovered  planet  in 
the  same  plane  with  the  orbit 
of  Uranus.  .Let  a,  6,  c,  d,  6, 
and  f  be  the  positions  of  the 
latter  when  Uranus  b  at  the 
points  A,  B,  o,  D,  E,  and  f.  It 
is,  therefore,  supposed  that 
Uranus  when  at  d  is  in  helio- 
F.g.  787.  centric  conjunction  with  the 

supposed  planet,  the  latter  being;  then  hid.  ■   .     j 

The  directions  of  the  orbital' motions  of  the  two  planets  are 
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indicate  bj'the  arrows  beside  their  paths;  and  the  directions  of 
^e  disturbing  forces*  exercised  by  the  supposed  planet  oi) 
'Uranus  are  indicated  by  the  arrowy  beside  the  Unes  joining  that 
|>lanet  with  Uranus. 

^ow^  it  will  be  quite  evident  that  the  attraction  exerted  by 
ihe  supposed  planet  at  a  on  Uranus;  at  a  tends  to  accelerate  th^ 
latter*  In  like  manner,  the  forces  exerted  by  the  suppose4 
planet  at  h  and  c  upon  Uranus  at  b  im^  0  tend  to  accelerate  it* 
Jiut  as  Uranus  approaches,  to  d  the  directicm  of  the  disturbing 
force,  being  less  and  less  inclined  to  that  of  the  orbital  motion,. 
has  a  less  and  less  accelerating  influence,  and  on  arriving  at  d^ 
the  disturbing  force  being  in  the  direction  i>d  at  right  angles  to 
4he  orbital  motion,  all  accelerating  influence  ceases,  •    . 

:  After  passing  d  the  disturbing  force  is  inclined  against  th^ 
motion,  an^  instead  of  accelerating  retai'ds  it ;  and  as  Uranus 
takte  snoceSfidvely  the  positions  r,  f,  &c.  it  is  more  and  more 
inclined,  and  its  retarding  influence  more  and  more  increased^ 
■as  will  be  evident  if  the  directions  of  the  retarding  force  an4 
the  orbital  motion,  as  indicated  by  the  arrows,  be  obseryed* 
.  It  is  then  apparent,  that  from  A  to  d  the  disturbing  forces 
accelerating  the  orbital  motion,  will  transfer  Uranus  to  a 
position  in  advance  of  that  which  it  would  otherwise  have  occur 
•pied ;  and  after  passing  d,  the  disturbing  force  retarding  the 
planet's  motion  will  continually  reduce  this  advance,  until  i^ 
i>ring  back  the  planet  to  the  place  it  would  have  occupied  had 
jio  disturbing  force  acted ;  after  which,  the  retardation  being 
«till  continued,  the  planet  will  fall  behind  the  place  it  would 
hare  had  if  no  disturbing  force  had  acted  upon  it. 

Now  it  is  evident  that  these  are  precisely  the  kind  of  dis- 
turbing forces  which  act  upon  Uranus ;  and  it  may,  therefore, 
be  inferred  that  the  deviations  of  that  planet  from  its  computed 
place  are  the  physical  indications  of  the  presence  of  a  planet 
exterior  to  it,  moving  in  an  orbit  whose  plane  either  coincides 
with  that  of  its  own  orbit  or  is  inclined  to  it  at  a  very  small 
'4ingl^  and  whose  mass'ai^d  distance  are  such  as  to  give  to  its 
attraction  the  degree  of  intensity  necessary  to  produce  the 
alternate  acceleration  and  retardation  which  have  been  observed. 

*  To  amplify  the  explanation,  the  effect  of  the  attraction  of  Uranns  on  the 
fan  is  omitted  in  this  illuBtratiQn.  In  the  chapter  on  Perturbations  the 
method  of  determining  the  exact  direction  of  the  disturbing  force  iriU  be 
explained. 
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Since,  however,  the  intemsitj  of  the  distarbing  force  depend^ 
coDJointljr  on  the  quantity  of  the  disturbing  mass  and  its  dis^ 
tanice,  it  is  easj  to  perceive  that  the  same  disturbance  maj  aHse 
from  different  masses,  provided  that  their  distances  are  bq 
varied  as  to  compensate  for  their  different  weights  or  quantities 
of  matter*  A  double  mass  at  a  fourfold  dbtance  will  exert  pre* 
cisely  the  same  attraction.  The  question,  therefore,  under  this 
point  of  view,  belongs  to  the  class  of  indeterminate  problems, 
and  admits  of  an  infinite  number  of  solutions*  In  other  words, 
an  unlimited  variety  of  different  planets  may  be  assigned  ex* 
terior  to  the  system  which  would  cause  disturbances  observed 
in  the  motion  of  Uranus,  so  nearly  similar  to  those  observed  as 
to  be  distinguishable  from  them  only  by  observations  more  ex* 
tended  and  elaborate  than  any  to  which  that  planet  coald 
possibly  have  been  submitted  since  its  discovery* 

2886.  Researches  of  Messrs,  Le  Verrier  and  Adams.'^The 
idea  of  taking  these  departures  of  the  observed  from  the  c<mi* 
puted  place  of  Uranus  as  the  data  for  the  solution  of  the  pro- 
blem to  ascertain  the  position  and  motion  of  the  planet  which 
could  cause  such  deviations^  occurred,  nearly  at  the  same  time, 
to  two  astronomers,  neither  of  whom  at  that  time  had  attained 
either  the  age  or  the  scientific  standing  which  would  have 
raised  the  expectations  of  achieving  the  most  astonishing  dls* 
covery  of  modem  times* 

M.  Le  Yerrier,  in  Paris,  and  Mr.  J.  C.  Adams,  Fellow  and 
Assistant  Tutor  of  St.  John's  College,  Cambridge,  engaged  in 
the  investigation,  each  without  the  knowledge  of  what  the  other 
was  doing,  and  believing  that  he  stood  alone  in  his  adventurous 
.and,  as  would  then  have  appeared,  hopeless  attempt*  Never* 
theless,  both  not  only  solved  the  problem,  but  did  so  with  a 
completeness  that  filled  the  world  with  astonishment  and  ad- 
miration, in  which  none  more  ardently  shared  than  those  who, 
from  their  own  attainments,  were  best  qualified  to  appreciate 
the  difficulties  of  the  question. 

The  question,  as  has  been  observed,  belonged  to  the  class  of 
indeterminate  problems.  An  infinite  number  of  different  planets 
might  be  assigned  which  would  be  equally  capable  of  producing 
the  observed  disturbances.  The  solution,  therefore,  might  be 
theoretically  correct,  but  practically  unsuccessful  To  strip  the 
question  as  far  as  possible  of  this  character^  certain  conditions 
were  assumed,  the  existence  of  which  might  be  regarded  aq  in 
the  highest  degree  probable.    Thus,  it  was  assumed  that  the  dis- 
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turbing  planet'a  orbit  was  in  or  nearly  in  the  plane  of  that  of 
Uranus,  and  therefore  in  that  of  the  ecliptic;  that  its  motion  in 
this  orbit  was  in  the  same  direction  as  that  of  all  the  other 
|>lanets  of  the  system,  that  Is,  according  to  the  order  of  the 
signs ;  that  the  orbit  was  A  ellipse  of  .very.smaU  eccentricity ; 
and,  in  fine,  that  its  mean  distance  from  the  sun  was,  in  accord- 
ance with  the  general  progression  of  distances  noticed  by  Bode, 
nearly  double  the  mean  distance  of  Uranus.  This  last  con-- 
dition,  combined  with  the  harmonic  law,  gave  the  inquirer  the 
advantage  of  the  knowledge  of  the  period,  and  therefore  of  the 
mean  heliocentric  motion. 

Assuming  aU  thes^  conditions  as  provisional  data,  the  problem 
Wae  reducied  to  the  determination,  at  least  as  a  first  approxima- 
tion, of  the  mass  of  the  planet  and  its  place  in  its  orbit  at  a 
given  epoch,  such  as  would  be  capable  of  producing  the  observed 
alternate  accderation  and  retardation  of  Uranus^ 

The  determination  of  the  heliocentric  place  of  the  planet  at  a 
given  epoch  would  have  been  materially  facilitated  if  the  exact 
time  at  which  the  amount  of  the  advance  (l  — l^)  of  the  ob- 
served upon  the  tabular  place  of  the  planet  had  attained  its 
maximum  were  known ;  but  this,  unfortunately,  did  not  admit  of 
being  ascertained  with  the  necessary  precision.  When  a  vary<* 
ing  quantity  attains  its  maximum  state,  and,  after  increasing, 
begins  to  diminish,  it  is  stationary  for  a  short  interval ;  and  it 
is  always  a  matter  of  difficulty,  and  often  of  much  uncertainty^ 
to  determine  the  exact  moment  at  which  the  increase  ceases  and 
the  decrease  commences*  Although,  therefore,  the  heliocentric 
place  of  the  disturbing  planet  could  be  nearly  assigned  about 
1822,  it  could  not  be  determined  with  the  desired  precision. 

Assuming,  however,  as  nearly  as  was  practicable,  the  longi- 
tude of  Uranus  at  the  moment  of  heliocentric  conjunction  witli 
the  disturbing  planet,  this,  combined  with  the  mean  motion  of 
the  sought  planet,  inferred  from  its  period,  would  give  a  rough 
approximation  to  its  place  for  any  given  time. 

2887.  JElemenU  of  the  soughi  planet  assigned  by  these  geo* 
meters, — Rough  approximations  were  not,  however,  what  MM. 
Le  Yerrier  and  Adams  sought.  They  aimed  at  more  exact 
results;  and,  after  investigations  involving  all  the  resources 
and  exhausting  all  the  vast  powers  of  analysis,  these  eminent 
geometers  arrived  at  the  following  elements  of  the  undiscovered 
j4anet:— i' 
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Epoch  of  the  elcmniU     -        ■-          • 
-   mI^  kMifttud«  mt  Um  0poeh      •          •          • 

Eccentricity  or  th«orMt             ... 
Longitude  of  perlheUoo             ... 
•  Umu  (tttu  -  1)    - 

LtV«itar. 

J^,^ 

1  Jan.  1M7. 

8WO  47'^ 
8>-.-1539 
0-l<y7fflO 

(HXWIOTV 

i  Jan.  1446, 

QrlVmU 
«c  11' 
iH»1500S 

2888.  lU  actual  discovery  by  Dr.  GaUe  of  Berlin.— On  the 
23rd  of  Septemb^,  1846»  Dr.  GaUe,  one  of  the  astronomerB  of 
the  Bojal  Observatorjr  at  Berlin,  received  a  letter  from  M.  Le. 
Yerrier,  anDOuncing  to  him  the  principal  results  of  his  caloa- 
lations,  informing  him  that  the  longitude  of  the  sought  planed 
9iu8t  then  be  326%  and  requesting  him  to  look  for  it.  Pr. 
Galle,  assisted  by  Professor  Enckd,  accordingly  did  **  lool^  for 
it,"  and  found  it  that  very  night.  Jt  appeared  tas  a  star  of 
^e  {»th  magnitude,  having  the  longitude  of  326''  52\  and  con- 
sequently only  $2'  from  the  place  assigned  by  M.  Le  Verriert. 
The  calculations  of  Mr,  Adams,  reduced  to  the  same  date,  gave 
^r  its  place  329''  19",  being  2""  27'  from  the  place  where  it  was 
actually  found. 

2889.  lU  predicted  and  observed  places  in  near  proximity. 
-rTo  illustrate  the  relative  proximity  of  these 
remarkable  predictions  to  the  actual  observed 
place,  let  the  arc  of  the  ecliptic,  from  long.  323*^ 
to  long.  330%  be  represented  in  fig.  788.  The 
place  assigned  by  M.  Le  Yerrier  for  the  sought 
planet  b  indicated  by  the  small  circle  at  l,  that 
assigned  by  Mr.  Adams  by  the  small  circle  at  a, 
and  the  place  at  which  it  was  actually  found  by 
the  dot  at  K.  The  distances  of  i^  and  a  from  if 
may  be  appreciated  by  the  circle  which  is  de- 
scribed around  the  dot  N,  and  which  represents 
the  apparent  disk  of  the  moon. 

The  distance  of  the  observed  place  of  the  planet 
from  the  place  predicted  by  M.  Le  Yerrier  was 
less  than  two  diameters,  and  from  that  predicted 
by  Mr.  Adams  less  than  five  diameters,  of  the 
lunar  disk. 

2890.  Corrected  elements  of  the  planefs  orbit. 

— In  obtaining  the  elements  given  above,  Mr. 

Adams  based  his  calculations  on  the  observations 

Fig.  788.     ^^  Uranus  made  up  to  1840,  while  the.calcu- 
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lations  of  M.  Le  Yerrier  were  founded  on  o1>6erTati6n8  con* 
tinuad  to  1845.  On  sobseqoently  taking  into  computation  the 
fiye  jeara  ending  1845,  Bir.  Adams  concluded  that  the  mean 
distance  of  the  sought  planet  would  be  more  exactly  taken  at 
63-33. 

After  the  planet  had  been  actually  discovered,  and  obeerva^ 
iions  of  sufficient  continuance  were  made  upon  it,  the  following 
proved  to  be  its  more  exact  elements :  — 


Kpodi  of  the  eWaMnts 
Mean  loogftude  of  epoch 
M«ui  distance  from  tun 
BocentrkiCy  of  orbit 
Loogiltude  of  perilidion 

■i mKcnding  node 

Inclination  of  orbit 
Periodic  time  • 

Mean-annual  motion 


1  Jan.  1847,  if.  Noon, 
8880    82"    U**'%. 

0-00871946. 
470    ir    6"-50. 
180O    4*    J0"-81, 
10    46'    68"»7n 
164-6181  rears. 
186M. 


ao-1* 


-  2891.  JHicrepancieM  between  the  actual  and  predicted  ele* 
ments  explained  —Now  it  wilLnot  fail  to  strike  every  one  whq 
devotes  the  least  attention  to  this  interesting  question,  that 
considerable  discrepancies  exist,  not  only  between  the  elements 
presented  in  the  two  proposed  solutions  of  this  problem,  but 
between  the  actual  elements  of  the  discovered  planet  and  both 
of  these  solutions.  There  were  not  wanting  some  who,  viewing 
these  discordances,  did  not  hesitate  to  declare  that  the  dis* 
covery  of  the  planet  was  the  result  of  chance,  and  not,  as  was 
claimed,  of  mathematical  reasoning,  since,  in  fact,  the  planet 
discovered  was  not  identical  with  either  of  the  two  planets 
predicted* 

To  draw  such  a  conclusion  from  such  premises,  however, 
betrays  a  total  misapprehension  of  the  nature  and  conditions  of 
the  problem.  If  the  problem  had  been  determinate,  and,  con- 
sequently, one  which  admits  of  but  one  solution,  then  it  must 
have  been  inferred,  either  that  some  error  had  been  committed 
in  the  calculations  which  caused  the  discordance  between  the 
observed  and  computed  elements,  or  that  the  discovered  planet 
was  not  that  which  was  sought,  and  which  was  the  physical 
cause  of  the  observed  disturbances  of  Uranus*  But  the 
problem^  as  has  been  already  explained,  being  more  or  less 
indeterminate,  admits  of  more  than  one, — nay,  of  an  indefi- 
nite number  of  different  solutions,  so  that  many  difiertot  planets 
might  be  assigned  which  would,  equally  produce  the  diisturb* 
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ances  which  had  been  obMired;  and  this  being  eo^  the  dis** 
cordance  between  the  two  seta  of  predicted  elementfl^  and 
between  both  of  them  and  the  actual  elementa,  are  notliing  nuMne 
than  might  have  been  anticipated,  and  which,  except  b/  a 
chance  against  which  the  probabilities  were  millions  to  oae^ 
were,  in  fact^  ineyitable. 

So  far  as  depended  on  reasoning,  the  prediction  was  yerified ; 
so  far  as  depended  on  chance,  it  failed.  Two  planets  were,  as- 
signed, both  of  which  lay  within  the  limits  which  fulfilled  the 
conditions  of  the  problem*  Both,  however,  differed  from  the 
true  planet  in  particulars  which  4id  not  affect  the  conditions  of 
the  problem.  All  three  were  circumscribed  within  those  limits, 
and  subject  to  such  conditions  as  would  make  them  produce 
those  deviations  or  disturbances  which  were  observed  in  the 
motions  of  Uranus,  and  which  formed  the  immediate  subject  of 
the  problem. 

2892.  Campariion  of  ike  ^eeU  of  the  real  and  predicted 
planets, — It  maj  be  satisfaotoiy  to  render  this  still  more  clear. 


.  Fig.  789* 
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by  exhibitifig  in  immediate  juxtaposition  tbe  motions  of  the 
bTpotbetioal  planets  of  MM.  Le  Yerrier  and  Adams  and  the 
planet  actnally  discorered,  so  as  to  make  it  apparent  that  any 
one  of  the  three^  under  the  supposed  conditions^  would  produce 
the  obserred  disturbances.  We  have  accordingly  attempted  this 
inyS^.  789.»  where  the  orbits  of  Uranus,  of  Neptune,  and  of  the 
planets  assigned  by  MM.  Le  Yerrier  and  Adams  are  laid  down, 
with  the  positions  of  the  planets  respectively  in  them  for  every 
fifth  year,  from  1800  to  1846  inclusively.  This  plan  is,  of 
course,  only  roughly  made ;  but  it  is  sufficiently  exact  for  the 
purposes  of  the  present  illustration.  The  places  of  Uranus  are 
marked  by  0»  those  of  Neptune  by  0,  those  of  M.  Le  Yerrier's 
planet  by  B,  and  those  iji  Mr.  Adams's  planet  by  $• 

It  wiU  be  observed  that  the  distances  of  the  two  planets  as^ 
signed  by  MM.  Le  Yerrier  and  Adams,  as  laid  down  in  the 
diagram,  diffet  lesH  frohn  the  distance  of  the  planet  Neptune 
than  the  mean  distances  given  in  their  elements  differ  from  the 
mean  distance  of  Neptune.  This  is  ^plained  by  the  ecoen<» 
tricities  of  the  orbit,  which,  in  the  elements  of  both  astrono* 
mers,  are  considerable,  being  nearly  an  eighth  in  one  and  a 
ninth  in  the  other,  and  by  the  positions  of  the  supposed  planets 
in  their  respective  orbits. 

If  the  masses  of  the  three  planets  were  equal,  it  is  clear  that 
the  attraction  with  which  Le  Yerrier's  planet  would  act  upon 
Uranus,  would  be  less  than  that  of  the  true  planet,  and  that 
of  Adams's  planet  still  more  so»  each  being  less  in  theaame  ratio 
as  the  square  of  its  distance  from  Uranus  is  greater  than  that 
of  Neptune.  But  if  the  planets  are  so  adjusted  that  what  is 
lost  by  distance  is  gained  by  the  greater  masses,  this  will  be 
equalised,  and  the  supposed  planet  will  exert  the  same  disturb-^ 
ing  force  as  the  actual  planet,  so  far  as  relates  to  the  effects  of 
variation  of  distance.  It  is  true  that,  throughout  the  arcs  of  the 
orbits  ova*  which  the  observations  extend,  the  distances  of  the 
three  planets  in  simultaneous  positions  are  not  every,  where  in 
exactiy  the  same  ratio,  while  their  masses  must  necessarily  be 
so ;  and,  therefore,  the  relative  masses,  which  would  produce 
perfect  compensation  in  one  position,  would  not  do  so  in  otherSi 
This  cause  of  discrepancy  would  operate,  however,  under  the 
actual  conditions  of  the  problem,  in  a  degree  altogether  iuconsi* 
4erable,  if  not  insensible. 

But  another  cause  of  difference  in  the  disturbing  action  of  the 
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real  and  supposed  planets  would  arise  from  tbe  fiiet  that  the 
directions  of  the  disturbing  forces,  of  all  the  three  planets  are 
different^  as  will  be  apparent  on  inspecting  the  figure,  in  which 
the  degree  of  divergence  of  these  forces  at  eafch  position  of  the 
planets  is  indicated ;  but  it  will  be  also  apparent  that  this  di-^ 
▼ergence  is  so  very  inconsiderable  that  its  effect  must  bo  quite 
insensible  in  all  positions  in  which  Uranus  can  be  seriously 
affected.  Thus,  from  1800  to  1815,  the  diyergence  is  very 
smalL  It  increasesfrom  1815  to  1835 ;  but  it  is  precisdy  here, 
near  the  epoch  of  heliocentric  coigunction,  which  took  place  in 
1822,  that  all  the  three  planeis  cease  to  have  any  direct  effect 
in  accelerating  the  motion  of  Uranus*  >When  the  latter  planet 
passes  this  point  sufficiently  to-  be  sensibly  retarded  hy  Ihd 
disturbing  action,  as  is  the  case  after  1835,  the  divergence 
again  becomes  inconsiderable. 

From  these  considerations  it  will  therefore  he  understood, 
that  the  disturbances  of  the  motion  of  Uranus,  so  far  as  thes^ 
were  ascertained  by  observation,  would  be  produced  without 
sensible  difference,  either  by  the  actual  planet  which  has  been 
discovered,  or  by  either  of  the  planets  assigned  by  MM.  Le 
Yerriear  and  Adams^  or  even  by  fm  indefinite  number  of  others 
which  might  be  assigned,  either  within  the  path  of  Neptune^ 
t»r  between  it  and  that  of  Adams's  planet,  or,  in  fine,  beyond 
this — within  certain  assignable  limits. 

2893,  No  part  of  the  merit  of  this  discovery  ascribahU  to 
chance.  —  That  the  planets  assigned  by  MM.  Le  Yerrier  and 
Adams  are  not  identical  with  the  planet  to  the  discovery  of 
which  their  researches  have  conducted  practical  observers  is, 
therefore,  true;  but  it  is  also  true  that,  if  they  or  either  of 
them  had  been  identical  with  it,  such  excessive  amount  of 
agreement  would  have  been  purely  accidental,  and  not  at  all 
the  result  of  the  sagacity  of  the  mathematician.  All  that 
human  sagacity  could  do  with  the  data  presented  by  observation 
was  done.  Among  an  indefinite  number  of  possible  planets 
capable  of  producing  the  disturbing  action,  two  were  assigned, 
both  of  which  were,  for  all  the  purposes  of  the  inquiry,  so  nearly 
coincident  with  the  real  planet  a^  inevitably  and  immediately 
to  lead  to  its  discovery. 

"  2894.  Period.  ^-  After  a  complete  revolution  of  the  earth, 
Neptune  is  found  to  advance  in  its  course  no  more  than  2^'187| 
and  consequendjr  its  period  i 
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p  = 


860 


=  164'6  jears, 


2-187 

or,  more  exactly,  164*618  years. 

2895.  Distance.  —  Its  mean  distance  B,  therefore,  maj  be 
determined  bj  the  harmonic  law : 

^  =  (164-6)*  =  27093  =  (30-04)». 

2896.  BektHve  orbits  and  distances  of  Neptune  and  the 

I  earth.  —  It  appears,  then,^  in  fine,  that  the  system 
possesses  another  member  still  more  remote  from 
the  common  centre  of  light,  heat,  and  attraction; 
la^g.  790.  the  earth*s  orbit  is  represented  atEB'''; 
and  a  part  of  that  of  Neptnne,  on  the  same  scale^ 
is  represented  at  n«    The  actual  distance  of  n  from 
8  IS  thirty  times  that  of  b  from  s. 
The  mean  distance  of  Neptune  from  the  snn  is, 
therefore, 
2,850,000,000  miles. 
2897.  Apparent  and  real  diameter.  —  The  appa? 
rent  diameter  of  the  planet,  seen  when  in  oppoy 
sition,  is  about  2"8,     Its  distance  from  the  earth 
being,  then, 
2850  —  95  =  2755  mill,  miles, 
and  the  linear  value  of  V'  at  this  distance  being 
2755000000^^3  3^3^, 
206265 
the  actual  diameter  of  the  planet  will  be 
13313  X  2-8  =  37276  miles. 
The  diameter  of  the  planet  is,  therefore,  a  little 
greater  than  that  of  Uranus,  about  half  that  of  Sa* 
turn,  and  about  four  and  a  half  times  that  of  th^ 
earth* 
Fig.  790.         According  to  Mr.  Hind,  the  apparent  diameter 
is  only  2-6,  and  the  real  diameter  31,000  miles,  numbers  which, 
he  says,  are  deduced  from  careful  measurements  with  some  of 
the  most  powerful  European  telescopes. 
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2898.  SaieBu  of  Neptune. — A  satellite  of  this  planet  waa 
discoTered  bj  Mr.  Laasell  in  October,  1846,  and  was  after- 
wards observed  by  other  astronomers  both  in  Europe  and  the 
United  States.  The  first  obeerrations  then  made  raised  some 
suspicions  as  to  the  presence  of  another  satellite  as  well  as  of  a 
ring  analogous  to  that  of  Saturn.  Notwithstanding  the  nume- 
rous observers,  and  the  powerful  instruments  which  have  been 
directed  to  the  planet  since  the  date  of  these  observations, 
nothing  has  been  detected  which  has  had  any  tendency  to 
confirm  these  suspicions. 

The  existence  of  the  satellite  first  seen  by  Mr.  Lassell  has» 
however,  not  only  been  fully  established,  but  its  motion,  and 
the  elements  of  its  orbit,  have  been  ascertained,  first  by  the 
observations  of  M.  O.  Struve  in  Sept  and  Dec  1847,  and  later 
and  more  fully  by  those  of  his  late  relative  M.  Augusts  Struve, 
in  1848-9. 

From  these  observations  it  appears  that  the  distance  of  the 
satellite  fh>m  the  planet  at  its  greatest  elongation  subtends  an 
angle  of  18"  at  the  sun;  and  since  the  diameter  of  the  planet 
subtends  an  angle  of  2*8  at  the  same  distance,  it  follow^ 
therefore,  that  the  distance  of  the  satellite  from  the  centra  of 
the  planet  is  equal  to  fourteen  semidiameters  of  the  latter* 

The  mean  daily  angular  motion  of  the  satellite  round  the 
centre  of  the  planet  is^  according  to  the  observations  of  Strnv^ 
6P'2625,  and  consequently  the  period  of  the  satellite  is 

g3^  =  5-8768  days, 

or  5^'  21^'  1*8"^*,  a  result  which  is  subject  to  an  error  not 
exceeding  5  minutes. 

If  the  s^midiameter  of  the  planet  be  18,750  miles,  the  actual 
distance  of  the  satellite  is 

18,750  X  12  =  225,000  miles, 

being   a  little  less  than  the  distance  of  the  moon  firom  the 
earth's  centre- 

2899.  Masi  and  density. — This  discovery  of  a  satellite  has 
suppKed  the  means  of  determining  the  mass,  and  therefore  the 
density,  of  the  planet  M.  Struve,  calculating  by  the  principles 
already  explained,  has  fomd  thai  the  mass  of  Neptune  is  the 
14,446th  part  of  the  mass  of  the  sun ;  imd  since  ita  diameter  is 


Digitized  by 


Google 


THE  MAJOR  FLAKETS.  481 

about  the  20t1i,  and  its  rolnroe  the  8000th,  part  of  that  of  the 
gun,  its  denaitjT  will  be  about  fire-ninthfl  that  of  the  sun,  and 
about  the  serenth  part  of  the  density  of  the  earth. 

Other  estimates  make  the  mass  less.  Aeoording  to  Professor 
Bond  it  is  the  19,400th,  and  according  to  Mr.  Hind  the  17,900th, 
of  the  mass  of  the  sun. 

2900.  Apparent  magnitude  of  the  sun  at  Neptune, — The 
apparent  diameter  of  the  sun,  as  seen  from  Neptune,  being  30 
times  less  than  from  the  earth,  is, 

The  sun,  therefore,  appears  of  the  same  magnitude  as  Venus 
seen  as  a  morning  or  evening  star. 

The  relative  apparent  mognitudes  are  exhibited  in^^.  791.  at 
E  and  N. 


Fig.  791. 

It  would,  however,  be  a  great  mistake  to  infer  that  the  light 
of  the  sun  at  Neptune  approaches  in  any  degree  to  the  faintness 
of  that  of  Venus  at  the  earth.  If  Venus,  when  that  planet 
appears  as  a  morning  or  evening  star,  with  the  apparent  dia* 
meter  of  60^^  had  a  full  disk  (instead  of  one  halved  or  nearly 
8o,  like  the  moon  at  the  quarters),  and  if  the  actual  intensi^ 
of  light  on  its  surface  were  equal  to  that  on  the  surface  of  the 
sun,  the  light  of  the  planet  would  be  exactly  that  of  the  sun  at 
Neptnne*  But  the  intensity  of  the  light  which  fidls  on  Vemm 
is  less  than  the  intensity  of  the  light  on  the  sun's  surface  in  the 
ratio  of  the  square  of  Venus'  distance  to  that  of  th^  sun's  semi- 
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diameter,  upon  the  snppoeitioii  that  the  light  is  pro{>agatcid 
according  to  the  same  law  as  if  it  issued  from  the  sun*s  centre ; 
that  is,  as  the  square  of  87  millions  to  the  square  of  half  a 
million  nearlj,  or  as  37'  I  i,  that  is,  as  5476  to  1.  If^  therefore, 
the  surface  of  Venus  reflected  (which  it  does  not)  all  the  light 
incident  upon  it,  its  apparent  light  at  the  earth  (considering 
that  little  more  thUn  half  its  illuminated  surface  is  seen)  is  ahout 
1 1,000  times  less  than  the  light  of  the  sun  at  Neptune. 

Small,  therefore,  as  is  the  apparent  magnitude  of  the  sun  at 
Neptune,  the  intensitj  of  its  daylight  is  probahlj  not  less  than 
that  which  would  be  produced  bj  about  20,000  stars  shiniog 
at  once  in  the  firmament,  each  being  equal  in  splendour  to  Venus 
when  that  planet  is  brightest. 

In  addition  to  these  considerations,  it  must  not  be  forgottea 
that  all  such  estimates  of  the  comparative  efficiency  of  the  illu- 
minating and  heating  power  of  the  sun  is  based  upon  the  sup^ 
position  that  his  light  is  received  under  like  physical  conditions; 
and  that  many  conceivable  modifications  in  the  physical  state  of 
the  body  or  medium  on  or  into  which  the  light  falls,  and  in  the 
stracture  of  the  visual  organs  which  it  afiects,  may  render  light 
of  an  extremely  feeble  intensity  as  efficient  as  much  stronger 
light  is  found  to  be  under  other  conditions. 

2901,  Suspected  ring  of  Neptune,  —  Messrs.  Lassell  and 
Challis  have  at  times  imagined  that  indications  of  some  such 
appendage  as  a  ring,  seen  nearly  edgewise,  were  perceptible  upon 
the  disk  of  Neptune.  These  conjectures  have  not  yet  received 
any  confirmation.  When  the  declination  of  the  planet  will  have 
so  far  increased  as  to  present  the  ring,  if  such  an  appendage  be 
really  attached  to  the  planet,  at  a  less  oblique  angle  to  the 
visual  ray,  the  question  will  probably  be  decided. 
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CHAP.  XVL 

BOLIPSESy   TRAK3IT9,   AND  OCCULTATIONS. 

2902i  Interposition  of  celestiai  objects. — The  objects  whicli  in* 
such  countless  numbers  are  scattered  over  the  firmament  being- 
at  distances  and  in  positions  infinitely  yarious,  and  roanj  of 
them  being  in  motion,  so  that  the  directions  of  lines  drawn- 
fVom  one  to  another  are  constantly  varying,  it  must  occasionally 
happen  that  three  will  come  into  the  same  line,  or  nearly  so.' 
Such  a  contingency  produces  a  class  of  occasional  astronomical 
phenomena  which  are  invested  with  a  high  popular  as  welt  as 
a  profound  scientific  interest.  The  rareness  with  which  some 
6t  them  are  presented,  their  sudden  and,  to  the  vulgar  mass, 
unexpected  appearance,  and  the  singular  phenomena  which 
often  attend  them,  strike  the  popular  mind  with  awe  and 
terror.  To  the  astronomer,  geograplier,  and  navigator,  they 
subserve  important  uses,  among  which  the  determination  of 
terrestrial  longitudes,  the  more  exact  estimation  of  the  sun's 
distance  from  the  earth  (which  is  the  standard  and  modulus  of 
all  distances  in  the  celestial  spaces),  and,  in  ^ne,  the  discovery 
of  the  mobility  of  light,  and  the  measure  of  its  velocity,  hold 
foremost  places. 

*  When  x>ne  of  the  extremes  of  the  series  of  the  three  bodies 
which  thus  assume  a  common  direction  is  the  sun,  the  interme- 
diate body  deprives  the  other  estrerae  body,  either  wholly  or 
[Martially,  of  the  illumination  which  it  habitually  receives.  When 
one  of  the  extremes  is  the  earth,  the  intermediate  body  in- 
tercepts, wholly  or  partiallyi  the  other  extreme  body  from  tW> 
view  of  observers  situate  at  places  on  the  earth  which  are  in 
the  common  line  of  direction,  and  the  intermediate  body  is  seen> 
to  pass  across  the  other  extreme  body  as  it  enters  upon  and 
leaves  the  common  line  of  direction.  The  phenomena  resulting^ 
from  such  contingencies  of  position  and  direction  are  variously: 
denominated  bclipses,  transits,  and  ocoultations,  according 
to  the  relative  apparent  magnitudes  of  the  interposing  and> 
obscured  bodies,  and  according  to  the  circumstances  whidj* 
attend  them, 
in.  V 
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2903.  General  condiHons  which  determine  the  phenomena  of 
mterpoiitian  when  one  of  the  extreme  objects  it  the  earth.^^lf 
the  interposing  and  intercepted  objects  have  disks  of  sensible 
magnitude,  the  effects  attending  their  interposition  will  depend 
on  the  magnitude  of  the  diameters  of  their  disks  and  the  ap- 
parent distance  between  their  centres. 

Let  D  express  the  apparent  distance  between  the  centres  of 
the  two  disks.  Let  r  be  the  semi-diameter  of  the  nearer,  and 
r^  that  of  the  more  distant  disk. 

2904.  Condition  of  no  interposition. — If  d  be  greater  than 
r+r',  as  represented  at  a.  Jig.  792.,  the  disks  must  be  entirelj 

outside  each  other,  and  conseqiientlj  no  in* 
terposition  can  take  place.  The  nearest  points 
of  the  edges  of  the  disks  are,  in  this  case,  at  a 

^^^'"^        distance  equal  to  the  difference  between  d. 

^^sj^        and  r-^-f^f  that  is,  d—  (r+r'). 
_  ^ ^  External  contact.  —  If  'D^r'\-r^y  as  at 

^KV^c     B,  the  disks  will  touch  without  interposition. 

^^^^        This  is  called   the    position  of  kxtbbnal 

CONTACT. 

2905.  Partial  InierposiHon.—li  Tihfileis 
that  r-l-r'y  the  nearer  disk  will  be  partiallj 

®  interposed,  as  at  c.  In  this  case,  the  greatest 
breadth  of  the  obscured  part  of  the  more 
remote  disk  is  (r+r')— d.  It  Is  eyident  that 
the  less  the  distance  d  is,  the  greater  will  be 
this  breadth,  and  the  greater  the  part  ob- 
scured. 

2906.  Internal  contact  of  interposing  dish. 
F*     7Q2.         — ^^  *^  interposing  disk  be  less  than  the 

^'  more  distant,  it  will  reduce  the  latter  to  a 

orescent,  the  points  of  the  horns  of  which  meet,  as  represented 
at  D^  when  jy^r^-^rf  that  is,  when  the  distance  between  the 
centres  is  equal  to  the  difference  of  the  apparent  semi-diameters. 

2907*  Centrical  interposition  of  lesser  dish. — If  in  the  same 
Cttse  the  centres  coincide,  as  at  b,  the  nearer  disk,  covering  all 
the  central  portion  of  the  more  distant,  will  leave  uncovered 
around  it  a  regular  ring  or  annulus  of  visible  surface,  tiie 
lureadth  of  which  will  be  the  difference  r  —  /  of  the  semi- 
diameters. 

2908.  Confute  interposition. — If  the  nearer  disk  be  greater 
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than  the  more  remote^  and  the  distance  i>  between  the  centres: 
be  not  greater  than  r^t*^  the  difference  of  the  semi-diameters, 
the  more  remote  disk  will  be  completely  coyered,  and  will  con- 
tinue so  until  the  centrea  separate  to  a  greater  distance  thfui' 
T'^r'^  as  represented  at  k  and  a. 

L    Solar  Eclipses. 

2909.  The  case  of  the  sun  and  moon  presents  all  these  various 
appearances.  The  disks,  though  nearly  equal,  are  each  subject 
to  a  variation  of  magnitude  confined  within  certain  narrow 
limits,  as  has  been  already  explained ;  and,  in  consequence,  the 
disk  of  the  moon  is  sometimes  a  little  greater,  and  sometimes  a^ 
little  less,  than  that  of  the  sun.  Their  centres  move,  as  has 
been  explained,  in  two  apparent  circles  on  the  firmament ;  that 
of  the  sun  in  the  ediptic,  and  that  of  the  moon  in  a  circle 
inclined  to  the  ecliptic  at  a  small  angle  of  about  5^  These 
circles  intersect  at  two  opposite  points  of  the  firmament,  called 
the  moon's  nodes  (2473).  In  consequence  of  the  very  small 
obliquity  of  the  moon's  orbit  to  the  ecliptic,  the  distance  between 
these  paths,  even  at  a  considerable  distance  at  either  side  of  the 
node,  is  necessarily  small.  Now,  since  the  centres  of  the  disks 
of  the*  sun  and  moon  must  each  of  them  pass  once  in  each 
revolution  through  each  node,  it  will  necessarily  happen  from 
time  to  time  that  they  will  be  both  at  the  same  moment  either 
at  the  node  itself,  or  at  some  points  of  their  respective  paths  so 
near  it,  that  their  apparent  distance  asunder  will  be  less  than 
the  sum  of  their  apparent  semi-diameters,  and  either  total  or 
partial  interposition  must  take  place,  according  to  the  relative 
magnitudes  of  their  disks,  and  to  the  distance  between  the 
points  of  their  respective  paths  at  which  their  centres  are 
simultaneously  found. 

2910.  Partial  solar  eclipse,  —  If  the  apparent  distance  d 
between  their  centres  be  less  than  the  sum  ^r+O,  but  greater 
than  the  difference  (r— r')  of  their  apparent  semi-diameters,  a 
partial  interposition  will  take  place  (2905).  The  greatest 
breadth  of  the  obscured  parts  of  the  solar  disk  will  in  this  case 
be  equal  to  the  difference  between  the  sum  of  the  apparent 
semi-diameters  and  the  distance  between  the  centres  of  the  two 
disks,  that  is,  (r+Z)  -d. 

^11.  Magnitude  qf  eclipses  expressed  by  digits.  ^^Jf  the 

V  « 


Digitized  by 


Google 


4»  -  ::  :      \4STR0N0Mr.  ' 

i^parent  diameter  of  the  obscured  oUeet't>e  ^apposed  io  be^ 

dirided  into  twelre  equal  parts,  each  or  these  parts  in  reference 

to  eclipses  is  called  a  digit,  and  the  magnitude  of  ah  eclipse  is  * 

expressed  bjr  the  number:  of  digits  contained  in  the  greatest 

breadth  of  the  obscured  part  of  the  disk«    Thus,  the  .niagnitade 

2r 
of  the  eclipse  will  be  found  by  dividing^  r  +  r'  — 1>  hj  -r^  or 

1.4'   •■■  ■'  '  ■■    ■■■     ■  ■ 

.  2912.  Total  ioldr  eclipse. — To  produce  a  total  solar  eclipse, 
it  is  necessary,  Ist,  that  the  apparent  diameter  of  the  moon' 
should  be  equal  to  or  greater  than  that  of  the  sun,  and,  2diy, 
that  the  apparent  places  of  their  centres  should  approach  each 
other  within  a  distance  not  greater  than  f^—-r,  the  difference  of 
^eir  apparent  semi-diameters.  When  these  conditions  are 
fulfilled,  and  so  long  as  they  continue  to  be  fulfilled,  the  eclipse 
will  be  total  (2908). 

The  greatest  viJue  of  the  apparent  semi-diameter  of  the 
moon  being  1006'^  and  the  least  ralue  of  that  of  the  sun  being 
946",  we  shall  have 

r'-r^ei". 

The  greatest  possible  duration,  therefore,  of  a  total  solar  eclipse 
will  be  the  time  necessary  for  the  centre  of  the  moon  to  gain 
upon  that  of  the  sun  61'^  x  2  =  122'^.  But  since  the  mean, 
synodic  motion  of  the  moon  is  at  the  rate  of  SC/'  per  minute,  it 
follows  that  the  duration  of  a  total  solar  eclipse  can  never  exceed 
four  minutes. 

'  2913.  Annular  ecl^ses, — When  the  apparent  diameter  of 
the  moon  is  less  than  that  of  the  sun,  its  disk  will  not  cover 
that  of  the  sun,  even  when  concentrical  with  it.    In  this  case, 
a  ring  of  light  would  be  apparent  round  the  dark  disk  of  the 
moon,  the  breadth  of  which  would  b^  equal  to  the  difference  of 
the  appairent  semi-diameters,  as  represented  at  i^Jig.  792.  When . 
the  disks  are  not  absolutely  concentrical,  the  distance  between 
their  centres  being,  however,  less  than  the  difference  of  their 
apparent  semi-diameters,  the  dark  disk  of  the  moon  will  still  be 
within  that  of  the  sun,  and  will  appear  surrounded  by  a  luminous . 
annulus,  but  in  this  case  the  ring  will  vary  in  breadth,  the 
thinnest  part  being  at  the  point  nearest  to  the  moon's  centre;^' 
and  when  the  distance  between  the  centres  is  reduced  to  exact 
•quality  with  the  difference  of  the  apparent  semi-diameters,  the 
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^ring  becomes  a  very  tbin  crescent,  the  points  of  the  horiis  of 
which  unite,  as, represented ajtD,^,  792.    . 

The  greatest  bi'eadtti  of  the  crescent  will  be  in  this  case  equal 
to  the  diSerence  of  the  apparent  diameters  of  the  sun  and 
moon. 

The  greatest  apparent  semi^diameter  of  the  sun  being 
16'  18'',  and  the  least  apparent  semi-diameter  of  the  moon  being 
14'  44",  the  greatest  possible  breadth  of  the  annulus  when  the 
eclipse  is  centrical  will  be 

r  -  /  =  le'^  W  -  14'  44''  =  1'  34''  =  94'^; 

which  is  about  the  20th  part  of  the  mean  apparent  diameter  of 
the  sun. 

The  greatest  ipterval  during  which  the  eclipse  can  continue 
annular  is  the  time  necessary  for  the  centre  of  the  moon  to  moTe 
sjnodically  over  94"  x  2  =  ISS''^,  and,  since  the  mean  synodic 
motion  is  at  the  rate  of  SCK^  per  minute,  this  interval  will  be 
about 

1??  =  6-26  minutes, 

or  about  six  minutes  and  a  quarter*. 

2914*  Solar  eclipses  can  only  occur  ai  or  near  the  epoch  of 
netr.mooiw.^^This  is  evident^  becauae  the  condition  which  limits 
the  apparent  distance  between  the  centres  of  the  disks  to  the 
9um  of  the  apparent  semi-diameters,  involves  the  consequence 
that  this  distance  cannot  much  exceed  30',  and  as  the  difference 
of  longitudes  must  be  still  less  than  this»  it  follows  that  the 
eclipse  can  only  take  place  within  less  than  half  a  degree  in 
apparent  distance,  and  within  less  than  two  hours  of  the  epoch 
.ofconjunction, 

2916.  Effects  ofparallasc^-^Since  the  visual  directions  of  the 
centres  of  thd  disks  of  the  sun  and  moon  vary  more  or  less  with 
the  position  of  the  observer  upon  the  earth^s  surface,  the  condi- 
tions which  determine  the  occurrence  of  an  eclipse,  and  if  it 
occur^  those  which  determine  its  character  and  magnitude,  are 
necessarily  different  in  different  parts  of  the  earth.  While  in 
9ome  places  none  of  the  conditions  are  fulfilled,  and  no  eclipse 
occurs,  in  others  an  eclipse  is  witnessed  which  varies,  froip  one 
place  to  another  in  its  magnitude,  and  in  soibe  may  be  total, 
while  it  is  partial  in  others. 

If  the  change  of  position  of  the  observer  upon  the^eai^Vf 
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•orfkee  afteted  the  visual  directions  of  the  centres  of  the  two 
disks  equally,  which  would  be  the  case  if  ihej  were  equally  dii- 
tanty  or  nearly  so,  no  change  in  the  apparent  distance  between 
them  would  be  produced,  and  in  that  case,  the  eclipse  would  have 
the  same  appearance  exactly  to  all  observers  in  erery  part  of  the 
earth.  But  the  sun  being  about  400  times  more  distant  than 
the  moon,  the  visual  direction  of  the  centre  of  its  disk  is  affected 
by  any  difference  of  position  of  the  observers,  to  an  extent  400 
times  less  than  that  of  the  moon's  centre. 

Let  8,  E,  and  M^/ig.  793.,  represent  sections  of  the  sun,  earth, 
and  moon,  made  by  the  plane  which  passes 
through  their  centres.  Let  a  line  p  m  «  be 
drawn,  touching  the  sun  and  moon,  but  so  that 
'  they  shall  lie  on  opposite  sides  of  it.  It  is 
evident  that  to  an  observer  at  p,  the  dark  disk 
of  the  moon  would  touch  that  of  the  sun  ex- 
ternally, for  the  apparent  distance  between  the 
centres  would  be  measured  by  the  angle  s  p  m, 
which  is  equal  to  the  sum  s  P  «,  the  apparent 
semi -diameter  of  the  sun,  and  ujtm  that  of 
the  moon. 

From  the  point  s  let  lines  be  supposed  to 

be  drawn,  touching  the  earth  at  p  and  p\    It 

is  evident  that,  to  an  observer  situate  between  p 

and  p'y  the  apparent  distance  of  the  centres  of 

the  moon  and  sun  would  be  greater  than  the 

sum  of  their  apparent  semi-diameters,  and  they 

would  therefore  be  separated  at  the  nearest 

points  of  their  disks  by  a  space  equal  to  the 

I  excess  of  this  distance  above  the  sum  of  the 

\  apparent  semi-diameters. 

\  Adopting  the  signs  already  used,  let  r  express 

\         the  apparent  serai-diameter  of  the  sun,  t^  that 

of  the  moon,  and  j>  the  apparent  distance 

between  their  centres,  we  shall  have  d  greater 

than  r-h«^  &r  every  point  from  p  to  p',  and 

the  excess  will   increase  continnally   from 

Fig.  798.         F  to  p\ 

On  the  other  hand,  for  every  point  between  p  and  /»,  d  will 

be  less  than  r^r%  and  the  sun  will  be  eclipsed,  the  magnitude 

of  the  eclipse  augmenting  gradually  flrom  p  to  p. 
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The  phenomena  Taiying  therefore  indefinitelj  with  the  pomtioft 
of  the  observer  upon  the  eiutb,  it  is  necessary,  in  order  to  render 
their  prediction  practicable,  to  select  a  fixed  position  for  which 
they  may  be  calculated,  formulas  being  established,  and  tables 
prepared,  bj  which  the  difference  between  the  appearances  there 
and  at  any  proposed  place  may  be  computed.  The  fixed  point 
selected  for  this  purpose  is  the  centre  e  of  the  earth. 

The  angular  distance  between  the  centres  of  the  disks  of  the 
sun  and  moon,,  as  seen  from  any  place,  such  as  p  for  example,  is 
called  th^r  apparent  distance  at  that  place,  and  their  angular 
distance,  as  seen  from  the  centre  e  of  the  earth,  is  called  their 
true  distance.  Thus,  s  p  ii  is  the  apparent  distance  between 
the  centres  at  p,  and  s  £  ii  is  their  true  distance.  It  will  be  easy 
to  show  the  relation  which  exists  between  these  two  distances. 

By  the  principles  of  elementary  geometry  we  have 

8EM=:80M  —  PSE,  80M  =  POE=sMP8+PME, 

and  consequently 

8ElI=MPSfPMS— PSE. 

But  the  angle  p  m  £  is  the  diurnal  parallax  of  the  moon,  and 
p  s  E  that  of  the  sun,  estimated  in  the  plane  of  the  figure.  If 
these  be  expi*essed  by  4»^  and  4»  respectively,  and  the  apparent 
and  true  distances  between  the  centres  by  d  and  j/  respectively, 
the  above  relation  will  be 

D'  tsu  +  m  —  «, 

and  consequently 

d'  —  D  =  «'  —  « ; 

that  is  to  say,  the  true  distance  exceeds  the  apparent  by  as  much 
as  the  parallax  of  the  moon  exceeds  that  of  the  sun. 

At  the  phice  p,  from  which  the  disks  appear  in  external  con- 
tact, 

D  =  r  +  r', 
and  therefore 

comsequently,  when  external  contact  takes  place,  we  have 

liiat  is,  the  true  distance  between  the  centres  is  equal  to  the 
8um  of  the  apparent  diameters  added  to  the  dlflferenee  of  the 
parallaxes* 
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^.  To  rimplifj  the  explanaUoii,  we  haye  here  9uppoeed  the  pkce 
•pf  observation  to  be  in  the  plane  which  passes  through  the  centre? 
pi  the  sun,  moon  and  earth,  or,  what  ia  the  samOi  the  centres  of 
the  disks  of  the  sun  and  moon,  to  be  in  fhe  same  vertical  at  the 
time  of  the  observation.  In  the  actual  calculations  necessary 
to  supplj  an  exact  prediction  of  the  beginning,  middle,  the  end, 
and  the  magnitude  of  a  solar  eclipse,  manj  particulars  must 
be  taken  into  account,  which  are  not  adapted  to  a  work  such  as 
the  present,  but  which  present  no  other  difficulty  than  such  as 
attends  elaborate  arithmetical  computation. 

2916,  Shadow  produced  by  an  opaque  ^l!o^.— tlonnected 
with  the  phenomena  of  eclipses  and  transits  are  certain  pro* 
perties  of  shadows. 

When  a  luminous  body,  radiating  light  in  all  directions  around 
It,  throws  these  rays  upon  an  opaque  body,  that  body  prevents 
a  portion  of  the  rays  from  penetrating  into  the  space  behind  it. 
That  part  of  the  space  from  which  the  light  is  thus  excluded  by 
the  interposition  of  the  opaque  body,  is  called  in  astronomy  the 
SHADOW  of  that  body. 

The  shape,  magnitude,  and  extent,  of  the  shadow  of  an  opaque 
body  will  depend  partly  on  the  shape  and  magnitude  of  the 
opaque  body  itself,  and  partly  on  that  of  the  body  from  which 
the  light  proceeds. 

.2917.  Method  ofdeUrmmvng  the  form  and  dimensions  of  the 
shadow — In  the  cases  which  are  actually  presented  in  astronomy, 
the  luminous  body  being  the  sun,  and  the  opaque  body  a  planet 
or  satellite,  both  are  globes,  and  the  former  of  much  greater 
dimensions  than  the  latter.  It  is  easy  to  show  that  in  such  case 
the  shadow  will  be  a  cone,  projected  to  a  certain  distance  behind 
the  opaque  body.  The  length  of  this  cone,  and  the  angle  formed 
at  its  vertex,  may  be  computed,  when  the  real  diameters  of  the 
sun  and  the  body  which  forms  the  shadow,  and  the  distance^ 
of  the  one  from  the  other,  are  known.. 

Let  b  b'  and  a  a'yfig,  794.,  represent  a  section  of  the  sun  and 
the  opaque  body.  Suppose  the  lines  b  a  and  h'  o'drawn  touching 
these.  Let  them  be  continued  until  they  meet  at/.  If  similar 
lines  be  supposed  to  be  drawn  through  all  points  Surrounding 
both  globes,  they  will  include  a  cone  the  diameter  of  whose  base 
13  b  b\  whose  sides  are  &/and  Vfy  and  whose  vertex  is/  It  will 
be  evident  that  the  sun's  rays  will  be  excluded  from  all  that  part 
of  the  cone  which  is  between  a  of  and  the  vertex/     Xhis  part  o^ 
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the  cone,  thoi^ore,  having  the  secfion^f  theop^ue  body  kiaa^ 
for  its  base,  and  the  point/ for  its  vertex,  is  the  shadow.  ^ 

To  ascertain  the  length  /  of  the  shadow,  let  r 
and  fl^  express  the  semi-diameters  of  the  sun,  and 
the  body  a  a'  respectively,  and  let  d  express  the 
distance  b  a  between  them.  We  shall  then  have, 
by  the  principles  of  elementary  geometry, 

r:r'::/-hcf:4 

and  consequently, 
and  therefore, 


/xCr-rOss/xc^      i  = 


f^xd 


that  is,  the  length  of  the  shadow  is  found  by  mul- 
tipljring  the  distance  from  the  sun  by  the  semi- 
diameter  of  the  body  which  forms  the  shadow,  and 
dividing  the  product  by  the  di£ference  between  the 
semi-diameters. 

To  determine  the  semi-angle  afe  of  the  cone 
we  have 

afe  =  206265''  x  ^ 

2918.  Method  of  determining  the  limits  of  the 
penumbra.  —  If  tangents  be  drawn  transversely, 
such  as  ^  a'  and  h'a^  and  be  continued  beyond  the 
points  a  and  a\  the  sun's  rays  will  be  partially 
excluded  from  the  space  included  between/) a  and 
fa.  Any  point  on  the  line  a  p  will  receive  light 
from  all  points  of  the  sun's  disk.  If  the  point  thus 
illuminated  be  moved  gradually  from  p  towards  o, 
Fig.  794.  j^  ^jjj  receive  less  and  less  of  the  sun's  light,  since 
the  globe  ad"  will  be  more  and  more  interposed  between  it 
and  the  sun.  Thus,  a  point  placed  at  o'  receives  light  only 
from  those  points  of  the  sun  which  lie  between  c  and  5,  the 
rays  proceeding  from  all  points  between  b^  and  c  being  inter- 
cepted by  a  a\  As  the  point  o'  is  moved  towards  o,  the  cor- 
responding point  c  moves  towards  5,  so  that  the  portion  of  the 
sun  from  which  it  receives  light  constantly  decreases  until  it 
arrives  at  the  boundary  afoi  the  shadow,  where  all  the  rays  are 
intercepted. 

The  light  being  thus  partially  intercepted,  from  the  space 
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boanded  hj  th%  limm  ap  uA  mf^  Aig  ipM6  it  oalled  the 

PEMUHBRA* 

The  angle/)  a/  which  meASuret  the  penombray  is  equal  to 
the  viaual  angle  bab,  sabtended  bjr  the  ton  at  the  object  which 
forma  the  shadow. 

2919.  Toiai  and  partial  tohr^a^imies^kdn^  by  ikehmmr 
ihadaw.-^The  moon  (Nrojects  behind  it  a  oonical  shadow,  the 
dimensions  of  which  can  be  asoertained  by  the  methods  ex- 
plained  above.  If  when  die  moon  comes  between  the  sun  and 
the  earthy  which  it  must  do  near  coi\i  unction,  if  it  be  not  far  re- 
moTed  from  the  node  of  its  orbit,  this  shadow  will  be  prqjected 
on  a  part  of  the  hemisphere  of  the  earth  which  is  turned  to  the 
sun,  provided  its  length  be  greater  than  the  moon's  distance,  as 
represented  in  Jig.  795.  In  this  case,  the  shadow  will  move  over 
certain  points  of  the  surface  of  the  earth  lying  around  the  point 
to  which  its  axis  is  directed.    The  light  of  the  sun  being 


Fig.  795. 


Fig.  790. 


altogether  intercepted  within  the  limits  of  the  shadow,  a  total 
eclipse  will  take  place,  the  duration  of  which  will  be  determined 
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by  the  limits  and  moyement  of  the  shadow  thus  projected,  whioh 
is  in  effect  the  intersection  of  the  conical  shadow  of  the  moon 
and  the  earth's  surface. 

To  those  parts  of  the  earth  which  are  ontsidethe  limits  aa' of 
the  shadow,  but  within  those  pp"  of  the  penumbra,  a  partial 
eclipse  will  be  exhibited,  the  magnitude  of  which  will  be  so 
much  the  greater  the  nearer  the  pkce  is  to  the  axis  of  the 
shadow.  All  such  parts  will  be  more  faintly  illuminated  in 
proportion  to  the  extent  of  the  sun's  disk  which  is  obscured. 

2920.  Annular  ecUpses  explained  hy  thadaw.  — If  the  length 
of  the  shadow  be  less  than  the  moon's  distance  from  the  earth, 
the  vertex  not  reaching  to  the  earth,  no  part  of  the  earth's 
surface  can  be  immersed  in  the  shadow.  In  that  case^  a 
centrical  annular  eclipse  will  be  exhibited  at  those  points  of  the 
earth's  surface  to  which  the  axis  of  the  shadow  is  directed. 
This  case  is  represented  in  Jig.  796.,  where  f  represents  the 
vertex  of  the  moon's  shadow.  At  all  places  within  the  circle 
upon  the  earth,  of  which  a  a^  is  the  diameter,  there  will  be  a 
annular  eclipse,  and  at  the  centre  of  the  circle  the  eclipse  will 
be  centrical,  the  annulus  being  of  uniform  breadth.  Outside 
this  circle,  so  far  as  the  penumbra  extends,  the  eclipse  will  be 
partial,  its  magnitude  decreasing  as  the  distance  of  the  place 
from  the  centre  of  the  circle  increases,  until  at  the  limit  of  the 
penumbra  the  phenomenon  ceases  to  be  exhibited. 

2921.  PoMtiinliiy  of  annular  eclipses  proved. — To  establish 
the  possibility  of  an  annular  eclipse,  and  to  show  the  relative 
positions  of  the  earth  and  moon,  in  their  respective  orbits, 
when  such  a  phenomenon  takes  place,  it  must  be  considered 
that  it  is  necessary  that  the  length  of  the  moon's  shadow  be  less 
than  the  moon's  distance  from  the  earth.  By  substituting  for 
r  and  /,  in  the  general  formula  for  the  value  of  /  (2917)  the 
actual  values  of  the  semi-diameters  of  the  sun  and  moon,  we  find 

r-f^      441000^4^1 

The  exteme  limits  of  the  sun*s  distance  d  being 

ir'  =  96,600000, 
<r  =  93,400000, 

the  greatest  and  least  values  of  l^  the  length  of  the  moon's 
shadow  will  be 
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r  «s  96,600000  X  ^  =  219545, 

r  =  93,400000  X  ^  =  212272- 

Sut  the  extreme  distances  of  the  moon  from  the  centre  of  the 
earth  are, 

MIlM. 

greatest  distance  -  •        251760, 

least  distance    ...        221290, 

and,  therefore,  the  extreme  distances  from  the  surface  are 

MilM.  Mllet.  MilM. 

greatest  distance  =  251760  —  8968  =  247797, 
least  distance      =s  221290  --  8968  ==  217827. 

Since,  therefore,  the  length  of  the  moon's  shadow  when 
greatest,  exceeds  the  moon's  distance  from  the  surface  of  the 
earth  when  least,  the  surface  may  intersect  the  shadow  at  a 
point  within  its  vertex ;  and  since  the  length  of  the  shadow 
when  least,  is  less  than  the  moon's  distance  from  the  surface  of 
the  earth  when  greatest,  the  vertex  of  the  shadow  maj  pass 
between  the  moon  and  the  earth  without  touching  the  surface. 
In  the  former  case,  there  will  be  a  total  solar  eclipse  at  all 
places  within  the  section  of  the  shadow  made  by  the  earth's 
surface,  and  in  the  latter,  there  will  be  an  annular  eclipse  at  all 
j>laces  within  the  section  of  the  cone  afa^jig.  796.,  formed  by 
the  continuation  of  the  cone  of  the  shadow  beyond  its  vertex ^t 

The  extreme  distance  of  the  vertex  of  the  coneyj  jig.  795,^ 
within  the  surface  of  the  earth,  in  the  case  of  a  total  eclipse, 
will  evidently  be 

Mile«. 

219545  ^  217327  =  2218, 

and  the  extreme  distance  of  the  vertex  yj^.  794.,  of  the  cone 
from  the  surface,  in  case  of  an  annular  eclipse,  is 

Miles. 

247797-212272  =  35525. 

Thus,  the  vertex  of  the  shadow,  when  directed  to  the  earth's 
centre,  ranges  from  2218  miles  below  the  surface  to  35,525  miles 
above  it. 

Since  the  surface  of  the  earth  cuts  off  about  the  100th  part 
of  the  length  of  the  shadow,  the  diameter  of  the  circulair 
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^badpw  pirojected  ^pon  the  eaifth,  which  is  the  sectioii  of  th0 
conical  shadow,  is  nbout  the  100th  pf^  of  the  moon's  diameter,^ 
9r  about  >^0  mil^  which,  howevep,  is  increased  by  the  effect 
of  the  curvature  of  the  earth,  and  considerablj  so  hy  the  obli-; 
quity  of  its  surface  to  the  axis  of  the  shadow. 

In  the  same  manner  it  may  be  shown,  that  the  diameter  of 
the  dbde  over  which  the  eclipse  may  be  annular,  measured  at 
right  angles  to  the  axis  of  the  shadow,  is  about  the  sixth  part 
of  the  diameter  of  the  moon,  which  in  like  manner  is  augmented 
by  curvature  and  obliquity.  ' 

2922.  Solar  ecliptic  limits, — The  moon*^  orbit  being  inclined 
to  the  ediptic,  at  an  angle  of  6%  and,  consequently,  the  distance 
of  the  moon's  centre  from  the  ecliptic  varying  in  each  month 
from  0*  to  5**,  while  the  interposition  of  the  moon  between  any 
place  on  the  earth  and  the  sun,  requires  that  the  apparent 
distance  of  their  centres  should  not  exceed  the  sum  of  their 
apparent  semi-diameters,  which  never  much  exceeds  half  a 
degree,  it  is  clear  that  an  eclipse  can  never  happen  except 
when,^  at  the  time  of  conjunction,  the  apparent  distance  of  thb 
moon's  centre  from  the  ecliptic  is  within  that  limit,  a  condition 
which  can  only  be  fulfilled  within  certain  small  distances  of  the 
moon's  nodes. 

There  is  a  certain  distance  from  the  moon's  node,  beyond 
which  a  solar  eclipse  is  impossible,  -and  a  certain  lesser  distancci 
within  which  that  phenomenon  is  inevitable.  These  distances 
are  called  the  sqlar  ecliptic  limits. 

The  mere  inspection  oi  Jig.  794.  will  show  that  no  solar 
eclipse  can  take  place  unless  some  part  of  the  globe  of  the 
moon  pass  within  the  lines  ba  and  b'a!y  which  touch  externally 
the  globes  of  the  sun  and  earth.  It  follows,  therefore,  that  the 
major  limit  of  the  distance  of  the  moon's  centre  from  the  ecliptic, 
or  its  latitude  at  the  time  of  cpnjunctipn,  which  is  compatible 
with  the  occurrence  of  an  eclipse,  is  m'o',  or  what  is  the  39a|nes 
the  angle  m'a'o'.  Let  this  angle  be  expressed  by  l,  and 
we  have 

i,  =  m'a'n' -\-n'a's-\-sa'o'. 

But  by  the  principles  of  geometry, 

sa*o'=:-a' cfe-^a' scy 
and  therefore, 

^.  =  m'a'n'  -f  n'a's  -f  a'o^e  —  a'se. 
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Bat  wldni  and  %'al9  are  the  apparent  lemi-diameters  of  the 
son  and  moon,  and  ddt  and  o'teare  their  horiaontal  parallazea, 
respectively.  If  the  former  be  expressed  bj  $  and  tf^  and  the 
latter  bj  A  and  A^  we  diall  have 

L  =  #  +  ^  +  A'-*. 

It  follows,  therefore,  that  a  sdar  eclipse  cannot  take  place,  unless 
the  latitude  of  the  moon  at  conjunction  be  less  than  the  sum  of 
the  apparent  semi-diameters  of  the  sun  and  moon,  added  to  the 
difference  of  their  horizontal  parallaxes. 

But  since  all  these  quantities  vary  between  a  certain  nuyor 
and  a  certain  minor  limit,  an  eclipse  will  be  possible  or  certain, 
according  as  the  moon*s  latitude  at  conjanction  is  within  the 
one  limit  or  the  other.  If  the  latitude  be  within  the  migor 
limit,  a  solar  eclipse  may  take  place;  and  if  the  several 
quantities  have  such  values  as  fulfil  the  above  condition,  it 
vM  take  place.  If  the  latitude  be  within  the  minor  limit,  an 
eclipse  mutt  take  place;  because,  whatever  be  their  values, 
they  must  fulfil  the  condition. 

2923.  Extreme  and  mean  values  of  eemi-diametere  and  hori" 
zantal  parallaxee  of  sun  and  moon. — The  extreme  and  mean 
values  of  these  quantities,  which  are  very  important  in  the 
theory  of  eclipses,  and  other  parts  of  practical  astronomy,  are 
given  in  the  following  table : — 


Apparent  Mmt-dlametor  of  8*m    - 
Apurent  mbMIumMt  of  Mooo- 
kwliooUlpwalUxofSun 

o«-^ 

Um. 

Itaa. 

16  46 
0  8-75 
61  16 

15'45'' 
14  44 
0  8-45 
5156 

16'I-5^ 
15  4ft 
0  8-60 
57  56 

The  major  limit  of  l  will  therefore  be 

and  the  minor  limit 

L"=r24'  19^'. 

To  determine  the  distances  from  the  node,  which  correspond 
to  these  limits  of  the  moon's  latitude  at  conjunction,  let  nkm', 
^.  797.,  represent  a  part  of  the  moon's  path,  nss'  a  part  of  the 

ecliptic,  KS  the  major,  and  u!b' 

the  minor  limit  of  the  value  of 

L.    The  triangles  kn  8  and  m'n  s' 

^*K'  '^^'^'  are  spherical  triangles,  and  the 
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Stances  KS  and  ns^  if  rigorouslj  eomputed,  would  require  the 
application  of  the  rules  and  formuke  of  spherical  trigonometrj* 
No  error  of  importance,  for  the  present  illustration,  will,  how« 
ever,  be  entailed  upon  the  results,  by  treating  them  as  plane 
triangles,  and  applying  to  them  the  principles  explained  in 
(2294.>    We  shall  then  have 

MN8=5«»8'48''    li8=P34n4"'    MV  =  r24'19", 

NS  =  r  84'  14"  X  ^^  =  17**  27'  48", 

5*15  » 

Ns's  P  24^  19''  X  ^J^  =  15°  37'  36". 

Thus  it  appears,  that  when  the  distance  from  the  node  at 
opposition  is  greater  than  IT'  27'  48",  an  eclipse  cannot^  and 
when  less  than  16^  6'  16",  mtisty  take  place.  Between  these 
limits  it  may  or  may  not  occur,  according  to  the  magnitude  of 
the  parallaxes  and  apparent  diameters. 

Since  the  sun  takes  more  than  a  month  to  move  through  32^ 
of  the  ecliptic,  it  follows  that  at  least  one  coi^  unction  must 
take  place  within  16^  of  each  node,  and  that  one  solar  ecHpse, 
at  least,  must  occur  near  each  node,  and  therefore  two,  at  least, 
annually.  But  it  may  happen  that  two  solar  eclipses  shall 
occur  at  the  same  node,  and  this  wiU  take  place  if  the  moon 
be  in  ool^anction  at  more  than  14^%  and  less  than  l^""  37'  36", 
from  tie  node,  for  in  ^at  case,  it  will  be  again  in  conjunction 
in  29^  days,  in  which  time  the  sun  will  move  through  29^,  and 
will  therefore  be  at  14^^  on  the  other  side  of  the  mode,  and 
therefore  within  the  ecliptic  limits 

.  ThuSy  it  is  possible  that  two  solar  eclipses  may  take  place 
at  each  node,  atnd,  therefore,  foc^  within  the  year.  But  even 
more  is  possible,  for,  as  will  hereafter  appear,  the  nodes  of  the 
moon's  orbit  have  a  retrograde  motion  on  the  ecliptic,  the  con- 
sequence of  which  is,  that  the  sun  arrives  at  each  node  in  less 
than  a  year  after  it  has  last  passed  through  it,  and  consequently 
another  solar  eclipse  may  happen,  before  the  lapse  of  a  solar 
year,  at  the  same  node  at  which  the  first  occurred. 

2924.  Limits  for  total  and  annular  eclipses. — It  is  evident 
that  no  total  or  annular  eclipse  can  be  witnessed,  unless  the 
globe  of  the  moon  be  fully  within  the  tangents  ba  and  V  a'^fig. 
794.    That  this  may  take  place,  the  apparent  distance  of  the 
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moon*8  centre  m'  from  o'  must  be  less  than  n!  o'  bj  the  moon's 
(cmi-diameteir  mf  n\  so  that  we  shall  have 

and,  from  what  has  been  explained  above,  this  becomes 

B7  assigning  to  these  quantities  the  values  which  render 
L  greatest  and  least,  we  shall  find  that  when  greatest, 

L=62'44''=1^2'44", 
and  when  least, 

L=52'49"; 

and  according  to  the  method  previously  applied,  we  find  the 
corresponding  distance  from  the  nodes 

N8=ll**37'36" 
N*s'=9*'4riy'. 

A  total  or  annular  eclipse  is  therefore  possible^  if  conjunction 
takes  place  within  11°  37^  36'',  and  certain^  if  it  takes  place 
within  9*"  47'  19"  of  the  node-  It  will  be  total  or  annular,, 
according  as  the  apparent  diameter  of  the  moon  is  greater  oc 
less  than  that  of  the  sun. 

.  2925.  Appearances  attending  total  solar  eclipses, — ^A  natural 
consequence  of  the  diffusion  of  knowledge  is,  that  while  it 
lessens  the  vague  sense  of  wonder,  with  which  singular  pheno- 
mena in  nature  are  beheld,  it  increases  the  feeling  of  admiration 
at  the  harmonious  laws,  the  development  of  which  renders 
easily  intelligible  effects  apparently  strange  and  unaccountable. 
It  may  be  imagined  what  a  sense  of  astonishment,  and  eve» 
terror,  the  temporary  disappearance  of  an  object  like  the  sun  or 
moon  must  have  produced  in  an  age  when  the  causes  of  eclipses 
were  known  only  to  the  learned.  Such  phenomena  were 
regarded  as  precursors  of  divine  vengeance.  History  informs 
us  that  in  ancient  times  armies  have  beea  destroyed  by  the 
effects  of  the.  consternation  spread  among  them  by  the  sudden, 
occurrence  of  an  eclipse  of  the  sun.  Commanders  who  happened 
to  possess  some  scientific  knowledge,  have  taken  advantage  of 
it  to  work  upon  the  credulity  of  those  around  them  by  menacing 
them  with  prodigies,  the  near  approach  of,  which  they  were  well 
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aware  of,  illustrating  thus,  in  ft  singular  and  perverted  manner, 
the  maxim  that  knowledge  is  power.* 

The  spectacle  presented  during  a  total  eclipse  is  always  most 
imposing.  The  darkness  is  sometimes  so  intense  as  to  render 
the  brighter  stars  and  planets  visible.  A  sudden  fall  of 
temperature  is  sensible  in  the  air.  Vegetables  and  animals 
comport  themselves  as  they  are  wont  to  do  after  sunset. 
Flowers  close,  and  birds  go  to  roost.  Nevertheless,  the  dark- 
ness is  different  from  the  natural  nocturnal  darkness,  and  is 
attended  with  a  certain  indescribable  unearthly  light,  which 
throws  upon  surrounding  objects  a  faint  hue,  someUmes  reddish, 
and  sometimes  cadaverously  green. 

Many  interesting  narratives  have  been  published  by  scientific 
observers,  who  have  been  so  fortunate  as  to  witness  these  phe- 
nomena. 

2926.  Baily'a  ^ad:f_WheB  the  disk  of  the  moon,  advancing 
over  that  of  the  sun,  has  reduced  the  latter  to  a  thin  crescent, 
it  was  observed  by  Mr.  Francis  Baily,  that  immediately  before 
the  beginning,  or  after  the  end  of  complete  obscuration,  the 
crescent  appeared  as  a  band  of  brilliant  points  separated  by  dark 
spaces,  so  as  to  give  to  it  the  appearance  of  a  string  of  brilliant 
"  beads."  The  phenomenon,  which  has  since  been  frequently 
re-observed,  thence  acquired  the  name  of  "  Baily's  beads." 

Further  observation  showed,  that  before  the  formation  of 
the  "  beads  "  the  horns  of  the  crescent  were  sometimes  inter- 
rupted and  broken  by  black  streaks  thrown  across  them. 

These  phenomena  are  roughly  sketched  in  Jiffs.  798.,  799. 

Fiffs.  800.  to  803.  are  taken  from  the  original  sketches  of 
Mr.  Baily,  representing  the  progressive  disappearance  of  the 
beada  after  the  termination  of  the  complete  obscuration. 

2927.  Produced  by  lunar  mountains^  projected  on  the  suns 
disk. — These  phenomena  arise  from  the  projection  of  the  edge 
of  the  moon's  disk,  serrated  by  numerous  inequalities  of  the 
surface,  approaching  so  close  to  the  external  edge  of  the  sun's 
disk,  that  the  points  of  the  projections  extend  to  the  latter,  while 
the  intermediate  spaces  remain  uncovered.    This  may  be  very 


*  Colombns  is  said  to  bare  ayaOed,  MmBelf  of  Mb  acqnaintance  with 
practical  astronomj  to  predict  a  solar  edipse,  and  naed  the  prediction  as  a 
l^seans  of  establishing^  his  aathority  over  the  crews  of  his  vessels  who  8howe<^ 
l^dicatioxis  of  matinoos  disobedience,^  ; 
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Fig.  798. 


Fig.  799. 

appropriatelj  illustrated  by  laying  the  blade  of  a  circular  saw, 
haying  finelj  cut  teeth,  over  a  white  cirde  of  nearly  equal 
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Ilg.  80a  Hg.  801. 


Fu 


Fig.  802,  Fig.  803. 

diameter  upon  a  black  ground.  The  white  parts  between  the 
teeth  will  appear  like  a  necklace  of  white  pearls* 

The  fact>  that  in  some  cases  the  beads  have  not  been  seen, 
or  if  seen,  appeared  in  a  less  conspicuous  manner,  may  be  ex- 
plained by  the  greater  or  less  prevalence  of  mountainous  masses, 
on  that  part  of  the  moon's  surface  which  forms  the  edge  of  its 
disk  at  different  times« 

The  beads,  in  general,  disappear  suddenly,  at  the  moment  of 
the  commencement  of  total  obscuration,  and  reappear  on  the 
other  side  of  the  lunar  disk,  with  a  somewhat  startling,  instan- 
taneous effect,  at  the  moment  the  total  obscuration  ceases. 

2928.  Ftame-like  protuberances. — Immediately  after  the 
commencement  of  the  total  obscuration,  red  protuberances^ 
vesembling  flames^  appear  to  issue  from  the  edge  of  the  moon's 
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disk.  These  iippeiurances,  which  were  first  noticed  by  Vassenias, 
on  the  occasion  of  the  total  solar  eclipse  which  was  visible  at 
Gottenberg  on  Srd  May,  1733,  have  been  re-observed  qn  the 
occurrence  of  every  total  solar  eclipse  which  has  taken  place 
since  that  time^  and  constitute  one  of  the  most  curious  and 
interesting  effects  attending  this  class  of  phenomena* 

2929.  Solar  eclipse  of  1851. — A  total  eclipse  of  the  sun  took 
place  on  the  28th  July,  1851,  which  became  a  subject  of 
systematic  observation  by  the  most  eminent  astronomers  of  the 
present  day.  A  considerable  number  of  English  observers, 
aided  by  several  foreigners,  distributed  themselves  in  parties  at 
different  points  along  the  path  of  the  shadow,  so  that  the 
chances  of  the  impediments  that  might  arise  from  unfavourable 
conditions  of  the  atmosphere  might  be  diminished.  The  reports 
and  drawipgs  of  these  various  observers  have  been  collected  by 
the  Royal  Astronomical  Society,  and  published  in  their  trans- 
actions. 

The  Astronomer  Royal,  with  two  assistants,  Messrs.  Dunkin 
and  Humphreys,  authorised  by  the  Board  of  Admiralty,  selected 
certain  parts  of  Sweden  and  Denmark  as  the  most  eligible 
station.  Professor  Airy  observed  at  Grottenberg,  Mr.  Dunkin 
at  Christiana,  and  Mr.  Humphreys,  assisted  by  Mr.  Miland,  at 
Christianstad. 

2930.  Obeervation*  <f  the  Astronomer  Royal^^The  wesdher 
on  the  whole  proved  favourable  at  Gottenberg.  We  take  from 
the  report  of  the  Astronomer  Royal  the  following  highly 
interesting  particulars  of  the  progress  of  the  phenomenon. 

**  The  approach  of  the  totality  was  accompanied  with  that  indeacribably 
inysterioui  and  gloomy  appearance  of  the  whole  surrounding  proflpect  which 
J  have  seen  on  a  immer  occasion.  A  patch  of  clear  blue  sky  in  the  senith 
became  purple-black  while  I  was  gazing  at  it  I  took  off  the  higher  power, 
with  which  I  had  scrutinized  the  sun,  and  put  on  the  lowest  power 
(magnifying  about  34  times).  With  this  I  saw  the  mountains  of  the  moon 
perfectly  welL  I  watched  carefully  the  approach  of  the  moon*s  limb  to  the 
sun's  limb,  which  my  graduated  dark  glass  enabled  me  to  see  ia  great 
perfection  ;  I  saw  both  limbs  perfectly  well  defined  to  the  last,  and  saw  the 
line  becoming  narrower  and  the  cusps  becoming  sharper  without  any  dis- 
tortion or  prolongation  of  the  limbs.  I  saw  the  moon's  serrated  limb  adranc^ 
up  to  the  sun's,  and  the  light  Of  the  sun  glimmering  through  the  hoUowi 
between  the  mountain  peaks,  and  saw  these  glimmering  spots  extinguished 
one  after  another  in  extremely  rapid  succession,  but  without  any  of  the 
^ppearancesi  which  Mr^  Baily  has  described..  I  s^w  the  sun  oorered^  ap4 
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faBirtediatriy  ^ping  6ff  the  dark  gUiS,  mttantfy  mw  the  ipptaHsicti  !«•> 
presented  atabc  d,fig.  1.  PL  XHL  ^  > 

**  Before  allading  more  minatelj  to  these,  I  miut  adrert  to  the  darkness. ' 
I  hare  no  means  of  ascertaining  whether  the  darkness  reall]^  was  greater  in 
the  eclipse  of  1843 ;  I  am  inclined  to  think  that  in  the  wonderftil,  and  1 
may  say  i4>paning,  obscurity,  I  saw  the  grey  granite  hills  within  sight  of  • 
Hyalas  dtore  distinctly  than  the  darker  oonntry  sunronnding  the  Snperga.  Bat 
whether  because  in  1851  the  sky  wasinnch  lessclonded  than  in  1848  (so  that 
the  transition  was  from  a  more  Inminoos  state  of  sky  to  a  darkness  nearly 
eqoal  in  both  cases),  or  from  whaterer  cause^  the  suddenness  of  the  darkness 
in  1851  appeared  to  me  much  more  striking  than  in  1842.  My  friends  who 
were  on  the  upper  rock,  to  which  the  path  was  very  good,  had  great  difficulty 
IB  descending.  A  candle  had  been  lighted  in  a  lantern  about  a  quarter  of  an ' 
hour  before  the  totality ;  Mr.  Haselgren  was  unable  to  read  the  minutes  of  the. 
chronometer-face  without  haring  the  Umtem  held' close  to' the  chronometer. 

*'The  corona  was  far  broader  than  that  which  I  saw  in  1843:  roughly 
speaking,  its  breadth  was  little  less  than  the  moon*s  diameter ;  but  its  out<* 
line  was  yery  irreg^ular.  I  did  not  remark  any  beams  projecting  from  it 
which  deserved  notice  as  much  more  conspicuous  than  the  others  ;  but  the ' 
whole  was  beamy,  radiated  in  istniicture,  and  terminated  (though  very  in-  ^ 
definitely)  in  a  way  which  reminded  me  of  the  ornament  frequently  placed 
round  a  mariner's  compass.  Its  colour  wa»  ^hite,  or  resembling 'that  of 
Venus,  I  saw  no  flickering  or  unsteadiness  of  light.  It  was  not  separated. 
fh>m  the  moon  by  any  dark  ring,  nor  had  it  any  annular  stryicture  ;  it  looked 
like  a  radiating  luminous  doud  behind  the  moon. 

**  The  form  of  the  prominences  was!  most  remarkable.    That  which  I  haive 
marked  (a)  reminded  me  of  a  bomerang*    Its  colour  for  at  least  two-thirds 
o/  its  breadth,  from  the  convexity  towards  the  concavity,  was  full  lake-red, 
the  remainder  was  nearly  white..   The  most  brilliant  part  of  it  was  the  swell 
fiirthest  f)rom  the  moon's  limb  ;  this  w^  distinctly  seen  by  my  friends  and 
myself  with  the  naked  eye.    I  did  not  measure  its  height ;  but  judging , 
generally  by  hs  proportion  to  the  moon's  diameter,  it  must  have  been  3'. 
This  estimation  perhaps  belongs  tor  a  later  period  of  the  eclipse.     The  pro-^ 
minence  (h)  was  a  pale  white  semi-drcle  based  on>  the  moon's  limb,    lliat; 
nuirked  fe)  was  a  red  detached  cloud,  or  balloon,  of  nearly  circular  form, 
separated  from  the  moon's  limb  by  a  space  (di^ering  in  no  way  from  the.. 
rest  of  the  corona)  of  nearly  its  own  breadth.    That  marked  (d)  was  a^ 
small  triangular  or  conical  red  mountain,  perhaps  a  little  white  in  the' 
interior.    Th^  were  the  appearances  seen  instantly  after  the  fbrmation  of 
the  totality,  - 

**  I  employed  myself  in  an  attempt  to  delineate  roughly  the  appeortmces  on 
the  western  limb,  and  I  took  a  hasty  view  of  the  country ;.  and  I  then  ex- 
amined the  moon  a  second  time.  I  believe  (but  I  did  not  carefully  remark) 
that  the  prominences  ahc  had  increased  in  height ;  but  (d)  had  now  dis- 
appeared, and  a  new  one  (e)  had  risen  up.  It  was  impossible  to  see  this 
chmige  without  feeliog  the  conviction  thiic  the  prominencetf  belonged  to  the 
fun  and  not  to  the  moon. 

'  **I  again  looked  round,  when  I  saw  a  scene  of  unexpected  beauty.    Tli^ 
Mmthem  part  of  the  sky,  as  I  have  said,  was  covered  with  uniform  white 
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ekmd ;  Val  ia  llie  nortfaeni  pot  wen  OeUched  donds  vpon  it  gromid  of' 
dearikj.  Thit  clear  iky  wm  noir  Urongly  iflnminrted,  to  thehcigbtof  »0^ 
cr  S5%  rad  throogli  almost  9(^  of  aiimv^  idth  roij  nd  Uc^  ihii^^ 
tlie  interrali  between  the  douda.  I  went  to  the  teleicope»  with  the  hopo 
that  I  might  be  able  to  make  the  polariiation-dbaerTatioii,  (whkfa,  as  mr 
apparatus  was  ready  to  my  grasp,  might  liaTe  been  done  in  thma  or  ibor 
seconds,)  when  I  saw  that  the  sMrm,  or  nigged  line  of  projections,  shown  at 
(/),  had  arisen.  This  stsrro  was  move  brilliant  than  the  odier  prominences* 
and  its  ooloor  was  nearly  scarlet.  The  odier  prominences  had  periiaps 
increased  in  height,  bat  no  additiooal  new  ones  had  arisen.  Reappearance 
of  this  sisrro,  nearly  in  the  place  idiere  I  expected  Ae  appearance  of  the 
san,  warned  me  that  I  oogfat  not  now  to  attempt  any  other  physical  obserra- 
tion.  In  a  short  time  the  white  smi  burst  forth,  and  the  corona  and  ereiy 
prominence  yanished. 

**  I  withdrew  from  the  telescope  and  looked  rovnd.  The  ooantry  seemed, 
though  rapidly*  yet  half  unwillingly,  to  be  recorering  its  nsnal  cheerfiilness. 
My  eye,  however,  was  cang^t  by  a  dvskiness  in  the  south-east,  and  I  im- 
mediately perceiTed  that  it  was  the  eclipse-shadow  in  the  air  trarelUng  away 
in  the  directlbn  of  the  shadow's  path.  For  at  least  six  seconds  this  shadow 
remained  in  sight,  fvt  move  coaspicnoos  to  the  eye  than  I  had  anticipated.'' 

2931.  Observations  of  Messrs,  Dunkm  and  Humphreys,  ^m 
Owing  to  the  unfavoarable  state  of  the  atmoephere,  the  ob- 
servations of  the  other  members  of  the  Admiralty  party  were 
not  so  satisfactory  as  those  of  its  chief.  Nevertheless^  both 
observers  saw  the  red  prominences,  though  imperfectly,  as  com- 
pared  with  the  results  of  the  observations  of  the  Astronomer 
Royal.  Baily*8  beads  were  seen  by  Mr.  Dunkin,  as  well  before 
as  after  the  total  obscuration.  Their  appearance  was  of  intense 
brilliancy,  com'pared  by  the  observer  to  a  diamond  necklace. 
Their  effect  on  the  observer  was  ^^  quite  overpowering,**  being 
unprepared  for  a  sight  so  magnificent. 

At  Christianstad,  the  planets  Venus,  Mbrcurt,  and  Juffter, 
and  the  stars  Argturus  and  Vega,  were  visible  during  the 
totality  of  the  eclipse. 

2932.  Observations  of  W.  Gray^  aJt  Tuns^  near  Sarpsbarg, 
— This  gentleman  also  saw  Baily's  beads,  both  before  and  after 
the  total  obscuraticm.  He  saw  four  of  the  red  projections,  three 
of  which  are  represented  in^.  2.  pL  xiii.,  the  fourth  resembling 
c  and  d  in  form,  and  diametrically  opposite  to  a  in  position  on 
the  moon's  limb.  The  apparent  height  of  a  was  estimated  at 
1|',  and  its  breadth  62^^  but  the  altitude  of  this  afterwards 
increased  to  1}'.  There  was  a  dark  shade  in  the  curved  portion, 
which  gave  it  a  resemblance  to  a  gas  flame.    The  remainder, 


Digitized  by 


Google 


ECLIPSES,  TRANSITS,  AND  OCCULTATIONS.     454 

however,  was  roee-red,  not  uniform,  and  very  pale,  like  the 
innermost  parts  of  the  petals  of  a  rose.  The  red  prominence 
opposite  to  a  had  an  apparent  altitude  of  T,  and  a  deeper  red 
colour*  The  prominence  c  and  d  were  estimated  at  about  5(/^ 
in  size. 

Daring  the  totality;  the  light  seemed  like  tiiat  of  an  evening 
in  Augost  at  an  hour  and  a  half  af\er  sunset. 

2933;  Oh$ervatUmi  of  Messr$.  Stephenson  and  AndretM  at 
Fredrichwaam. —  Baily's  beads  were  seen  both  before  and 
after  the  total  obscuration.  The  crescent,  before  disappearing, 
was  seen  as  a  fine  thread  of  light,  which  broke  up  into  frag* 
ments,  and  when  it  re-appeared,  it  gave  the  idea  of  globules  ot 
mercury  rushing  amongst  each  other  along  the  edge  of  the 
moon.  In  a  second  or  two  after  the  disappearance  of  the 
crescent,  a  rose-coloured  flame  shot  out  from  the  limb  of*  the 
moon,  which  in  form  resembled  a  sickle,  B^Jig*  3.  It  increased 
rapidly,  and  then  two  other  rose-coloured  prominences,  above 
and  below  it,  started  out,  difiering  in  shape,  but  evidently 
of  the  same  character.  Besides  these,  there  were,  as  well 
between  them  as  elsewhere,  around  the  moon's  edge  other  lurid 
points  and  other  indistinct  lines.  The  height  of  the  principal 
prominence  was  estimated  at  about  the  twentieth  of  the  moon's 
diameter,  that  is,  about  1^'.  The  chief  prominences  looked  like 
burning  volcanoes,  and  the  lurid  points  and  lines  reminded  the 
observers  of  dull  streams  of  cooling  lava. 

2934.  Observations  of  Mr.  LasseU  at  TroUhattan  FaUs.  — 
Having  heard  the  red  prominences  seen  in  former  total  eclipses 
described  as  faint  appearances,  the  astonishment  of  the  observer 
may  be  imagined  when  he  saw  around  the  dark  disk  of  the 
moon,  after  the  commencement  of  total  obscuration,  prominences 
of  the  most  brilliant  lake  colour, — a  splendid  pink,  quite  defined 
and  hard,^.  4.  They  appeared  not  to  be  absolutely  quiescent. 
The  observer  judged  from  their  appearance  that  they  belonged 
to  the  sun,  and  not  to  the  moon. 

2936.  Observations  of  Mr.  Hind  at  Ravelsborg,  near  En^ 
geihohn.  —  Baily^s  beads  were  seen,  both  before  and  after 
the  total  obscuration,  in  such  a  manner  as  to  leave  no  doubt  of 
their  cause  being  that  already  explained.  In  five  seconds  after 
the  commencement  of  the  total  obscuration,  the  corona  or  glory 
around  the  moon*s  disk  was  seen.  Its  colour  seemed  to  be  that 
of  tarnished  silver,  brightest  next  the  moon's  limb,  and  gradual^* 
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fading  to  4  distance  equal  to  one-third  of  her  diaineter/where  it 
became  confounded  with  the  general  tint  of  the  heavens.  Ap«> 
pearances  of  radiation  are  mentioned,  similar  to  those  described 
by  Professor  Airy. 

:  *<'Oii  first  Tiewing  die  mm**  sajrs  Mr.  Hin^  ''Withoat  the  dark  gla«  after 
the  oommencement  of  totality,  three  roae-coloiired  prominences  immediately; 
cao^t  my  eye,  and  others  were  seen  a  few  seconds  later  (Jig.  5.>  The 
largest  and  most  remarkable  of  them  was  situate  aboat  5^  nortii  of  the 
parallel  of  declination,  on  the  western  limit  of  the  moon;  it  was  straight 
through  two-thirds  of  its  length,  bnt  cnrved  like  a  sabre  near  the  extremitT, 
the  concare  edge  being  towards  the  horizon.  The  edges  were  of  a  fiill  roee^ 
pink,  the  central  parts  plainer,  though  still  pink. 

**  Twenty  seconds,  or  thereabouts,  after  the  disappearance  of  the  sun,  L 
estimated  its  length  at  45"  of  arc,.and  on  attentively  watching  it  towards  the 
end  of  totality,  I  saw  it  materially  lengthened  (probably  to  2^),  the  moon 
having  apparently  left  more  and  more  of  it  visible  as  she  travelled  across  the 
sun.  It  was  always  curved,  and  I  did  not  remark  any  change  of  form,  nor 
the  slightest  motion  during  the  time  the  suh  was  hidden.  I  saw  this  extras 
ordiiiary  pitominence/oHr  ittonds  after  the  end  <^totaUt^y  but  M  thU  tikne  it- 
Appeared  detached  from  the  sun's  limb,  the  strong  white  light  of  the  coeona . 
intervening  between  the  limb  and  the  base  of  the  prominence. 

**  About  10°  south  of  the  above  object  I  saw,  during  the  totality,  a  detached 
triangular  spot  of  the  same  rose  colour,  suspended,  as  it  were,  in  the  light  of 
the  corona,  which  gradually  receded  from  the  moon's  dark  limb,  as  she 
moved  onwarda,  and  was,  therefore,  clearly  connected  with  the  -sun.  Its 
fbrm  and  pontion,  with  respect  to  the  large  prominence,  continued  exactly 
the  same  so  long  as  I  observed  it.  On  the  south  limb  of  the  moon  appeared 
%.long  range  of  roBe-KX>loBred  flames,  which  seemed  to  be  aflected  with  a 
tremulous  motion,  though  not  to  any  great  extent. 

**  The  bright  rose-red  of  the  tops  of  these  projections  gradually  faded  towards 
their  bases,  and  along  the  moon's  limb  appeered  a  bright  narrow  line  of  li 
deep  violet  tint :  not  far  fh>m  the  western  extremity  t>f  this  long  range  of^ 
red  flames  was  an  isolated  prominence;  about  40"  in  altitude,  and  another  of 
similar  size  and  form,  at  an  angle  of  )  45?.  from  the  north  towards  the  east : 
the  moon  was  decidedly  reddish-purple  at  the  .beginning  of  totality,  but 
the  reddish  tinge  disappeared  before  its  termination,  and  the  disk  assumed  a 
dull  purple  colour.  A  bright  glow,  like  that  of  twilight,  indicated  the  position 
where  the  sun  was  about  to  emerge,  and  three  or  four  seconds  later  the  beSds' 
again  farmed,  fhfs  time  instantaneously,  but  less  numerous,  and  even  more 
faoregular,  tbaxk  before.  In  five  seconds  more  the  sun  reappeared  as  a  very 
fine  crescent  on  the  sudden  extinction  of  the  beads." 

2936.  —  Observations  of  Mr,  Dawes  near  Engelholm, — Mr. 
Pawes  observed  the  beads,  and  found  all  the  circumstances  uU ' 
tending  their  appearance  such  as  to  leave  no  doubt  as  to  the  truth 
of  the  cause  generally  assigned  to  them.   He  observed  the  corona  ^ 
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a  few  seconds  after  the  commencement  of  the  totality,  and 
estimated  its  extreme  breadth  at  half  the  moon*s  diameter,  the 
brightness  being  greatest  near  the  moon*s  limb,  and  gradually 
decreasing  outwards.  The  phenomena  of  the  red  protuberances, 
witnessed  by  Mr.  Dawes,  are  so  clearly  and  satisfactorily  de- 
scribed by  him,  that  we  think  it  best  here  to  give  the  account 
of  them  in  his  own  words,  — 

**  Throughout  the  whole  of  the  quadrant,  from  north  to  east,  there  was  no 
visible  protuberance,  the  corona  being  uniform  and  uninterrupted.  Between 
the  east  and  south  points,  and  at  an  angle  of  about  175°  from  the  north 
point,  appeared  a  huge  red  prominence  of  a  very  regular  conical  form,  Jig, 
6.  When  first  seen,  it  might  be  about  1^'  in  altitude  from  the  edge  of  the 
moon,  but  its  length  diminished  as  the  moon  advanced. 

**  The  position  of  this  protuberance  may  be  inaccurate  to  a  few  degrees, 
being  more  hastily  noticed  than  the  others.  It  was  of  a  deep  rose  colour, 
and  rather  paler  near  the  middle  than  at  the  edges. 

**  Proceeding  southward,  at  about  145°  from  the  north  point  commenced  a 
low  ridge  of  red  prominences,  resembling  in  outline  the  tops  of  a  very 
irregular  range  of  hills.  The  highest  of  these  probably  did  not  exceed  40". 
This  ridge  extended  through  50°  or  55°,  and  reached,  therefore,  to  about 
197°  from  the  north  point,  its  base  being  throughout  formed  by  the  sharplj- 
defined  edge  of  the  moon.  The  irregularities  at  the  top  of  the  ridge  seemed 
to  be  permanent,  but  they  certainly  appeared  to  undulate  from  the  west 
towards  the  east ;  probably  an  atmospheric  phenomenon,  as  the  wind  was  in 
the  west. 

**  At  about  220°  commenced  another  low  ridge  of  the  same  character,  and 
extending  to  about  250°,  less  elevated  than  the  other,  and  also  less  irregular 
in  outline,  except  that  at  about  225°  a  very  remarkable  protuberance  rose 
from  it  to  an  altitude  of  H\  or  more,  llie  tint  of  the  low  ridge  was  a 
rather  pale  pink;  the  colour  of  the  more  elevated  prominence  was  decidedly 
deeper,  and  its  brightness  much  more  vivid.  In  form  it  resembled  a  dog's 
tusk,  the  convex  side  being  northwards,  and  the  concave  to  the  south.  The 
apex  was  somewhat  acute.  This  protuberance,  and  the  low  ridge  con- 
nected with  it,  were  observed  and  estimated  in  height  towards  the  end  of  the 
totality. 

''A  small  double-pointed  prominence  was  noticed  at  about  255°,  and 
another  low  one  with  a  broad  base,  at  about  263°.  These  were  also  of  the 
rose-coloured  tint,  but  rather  paler  than  the  large  one  at  225°. 

•*  Almost  direcUy  preceding,  or  at  270°,  appeared  a  bluntly  triangular  phik 
body,  suspended^  as  it  were,  in  the  corona.  This  was  separated  from  tho 
moon's  edge  when  first  seen,  and  the  separation  increased  as  the  moon 
advanced.  It  had  the  f^pearance  of  a  large  conical  protuberance,  whose 
base  was  hidden  by  some  intervening  soft  and  ill-defined  substance,  like  the 
upper  part  of  a  conical  mountain,  the  lower  portion  of  which  was  obscured 
by  clouds  or  thick  mist.  I  think  the  apex  of  this  object  must  have  been 
at  least  1'  in  altitude  firom  the  moon's  limb  when  first,  seen,  and  more  than 
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H'  towards  the  end  of  total  obflcuration.  Its  colour  was  pink,  and  I  thou^ 
it  paler  in  the  middle. 

**To  the  north  of  this,  at  about  280^  or  285^,  appeared  the  most  wonderful 
phenomenon  of  the  whole.  A  red  protuberance,  of  yirid  brightness  and  veiy 
deep  tint,  arose  to  a  height  of,  peihaps,  1^'  when  first  seen,  and  increased 
in  length  to  8',  or  more,  as  the  moon's  progress  rerealed  it  mote  com- 
pletelj.  In  shape  it  somewhat  resembled  a  TurkM  cimeter,  the  northern 
edge  being  convex,  and  the  southern  concare.  Towards  the  apex  it  bent 
suddenly  to  the  south,  or  upwards,  as  seen  in  the  telescope.  Its  northern 
edge  was  well  defined,  and  of  a  deeper  colour  than  the  rest,  espedallj 
towards  its  base.  I  should  call  it  a  rich  carmine.  The  southern  edge  was  less 
distinctly  defined,  and  decidedly  paler.  It  gave  me  the  impression  of  a 
somewhat  conical  protuberance,  partly  hidden  on  its  southern  side  by  some  in- 
tenrening  substance  of  a  soft  or  flocculent  character.  Hie  apex  cf  this  pro- 
tuberance was  paler  than  the  base,  and  of  a  purplish  tinge,  and  it  certainly 
had  a  flickering  motion.  Its  base  was,  from  first  to  last,  sharply  bounded  by 
the  edge  of  the  moon.  To  my  great  astonishment,  this  manreUous  object  can" 
tinned  visible  for  about  Jtue  eecondt,  as  nearly  as  I  could  judge,  after  the  sam 
began  to  reappear ,  which  took  place  many  degrees  to  the  south  of  the  situa- 
tion it  occupied  on  the  moon's  circumference.  It  then  nqiidly  faded  away, 
but  it  did  not  vanish  instantaneouahf.  From  its  extraordinaiy  size,  curious 
form,  deep  colour,  and  vivid  brightness,  this  protuberance  absorbed  much  of 
my  attention  ;  and  I  am,  therefore,  unable  to  state  precisely  what  dianges 
occurred  in  the  other  phenomena  towards  the  end  of  the  total  obscuration. 

**  The  arc,  from  about  283^  to  the  north  point,  was  entirely  free  firom  pro- 
minences, and  also  from  any  roseate  tint 

2937.  Effects  of  total  obscuration  on  surrounding  objects 
and  scenery,  —  Although  the  different  parties  of  obeervers 
scattered  over  the  path  of  the  moon's  shadow  were  not  equally 
fortunate  in  having  a  clear  unclouded  sky,  they  were  all  enabled 
to  observe  and  record  the  effects  of  the  total  obscuration  upon 
the  surrounding  objects  and  country.  Dr.  Robertson  of  Edin- 
burgh, Dr.  Robinson  of  Armai^h,  and  some  others,  witnessed  the 
eclipse  from  an  island  off  the  coast  of  Norway,  in  lat.  61°  21^, 
at  a  point  in  the  path  of  the  axis  of  the  shadow.  The  pre- 
cursory phenomena  correspoi^ded  with  those  described  by  other 
observers.  The  atmosphere  was,  however,  obscured  by  clouds, 
which  appeared  to  rush  down  in  streams  from  the  place  of  the 
sun.  The  sea-fowl  flocked  to  their  customary  places  of  rest  and 
shelter  in  the  rocks.  The  darkness  at  the  moment  of  total 
obscuration  was  sudden,  but  not  absolute ;  for  the  clouds  had 
left  an  open  strip  of  the  sky,  which  assumed  a  dark  lurid  orange, 
which  changed  to  greenish  colour  in  another  direction,  and  shed 
upon  persons  and  objects  a  faint  and  unearthly  light    Lamps 
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and  candles,  seen  at  fifty  or  sixtj  yards  distance^  were  as  visible 
as  in  a  dark  night,  and  the  redness  of  their  light  presented  a 
strange  contrast  with  the  general  green  hue  of  every  thing 
around  them.  "  The  appearance  of  the  country,"  says  Dr.  Ro- 
bertson, ''seen  through  the  lurid  opening  under  the  clouds, 
was  most  appalling.  The  distant  peaks  of  the  Tostedals  and 
Dorieffeld  mountains  were  seen  still  illuminated  by  the  sun, 
while  we  were  in  utter  darkness.  Never  before  have  we  ob- 
served all  the  lights  of  heaven  and  earth  so  entirely  confined 
to  one  narrow  stripe  along  the  horizon, — never  that  peculiar 
greenish  hue,  and  never  that  appearance  of  outer  darkness  in 
the  place  of  observation,  and  of  excessive  distance  in  the  verge 
of  the  horizon,  caused  in  this  case  by  the  hills  there  being  more 
highly  illuminated  as  they  receded  by  a  less  and  less  eclipsed 
sun." 

Mr.  Hind  says,  that  during  the  obscuration  "  the  entire  land- 
scape was  overspread  with  an  unnatural  gloom ;  persons  around 
him  assumed  an  unearthly  cadaverous  aspect ;  the  distant  sea 
appeared  of  a  lurid  red ;  the  southern  heavens  had  a  sombre 
purple  hue,  the  place  of  the  sun  being  indicated  only  by  the 
COSONA ;  the  northern  heavens  had  an  intense  violet  hue,  and 
appeared  very  near.  On  the  east  and  west  of  the  northern 
meridian,  bands  of  light  of  a  yellowish  crimson  colour  were 
seen,  which  gradually  faded  away  into  the  unnatural  purple  of 
the  sky  at  greater  akitudes,  producing  an  effect  that  can  never 
be  effaced  from  the  memory,  though  no  description  could  give 
a  just  idea  of  its  awful  grandeur." 

At  several  places  in  Prussia,  where  the  heavens  were  un- 
clouded during  the  total  obscuration,  a  great  number  of  the 
more  conspicuous  stars,  as  well  as  the  planets  Jupiter,  Venus, 
and  Mercury,  were  visible.  Several  flowering  plants  were 
observed  to  close  their  blossoms,  birds  which  had  been  pre- 
viously flying  about  disappeared,  and  domestic  fowls  went  to 
roost. 

2938.  Evidence  of  a  solar  atmosphere, — Many  of  the  phe- 
nomena attending  total  solar  eclipses  afford  strong  corroboratory 
evidence  of  the  existence  of  a  solar  atmosphere,  extending  to  a 
vast  height  above  the  luminous  coating  of  the  sun,  the  pro- 
bability of  which  has  been  already  shown  (2550.). 

The  corona,  or  bright  ray  or  glory,  surrounding  the  dark  disk 
of  the  moon  where  it  covers  the  sun,  is  observed  to  be  concentric 
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with  the  moon  only  at  the  moment  when  the  latter  is  concentric 
with  the  sun.  In  other  positions  of  the  moon's  disk,  it  appears 
to  be  concentric  with  the  sun.  This  would  be  the  effect  pro* 
daced  bj  a  solar  non-luminous  atmosphere  faintly  reflecting  the 
sun's  light 

The  corona  supplies  no  exact  data  by  which  the  height  of  the 
solar  atmosphere  thus  faintly  reflecting  light  can  be  ascertained ; 
but  Sir  J.  Herschel  thinks,  that  from  the  manner  in  which  the 
diminution  of  light  is  manifested  on  the  sun's  disk,  being  by  no 
means  sudden  on  approaching  the  borders,  but  extending  to  some 
distance  within  the  disk,  the  height  must  be  not  only  great  in 
an  absolute  sense,  but  must  even  be  a  very  considerable  fraction 
of  the  sun's  semi-diameter,  and  this  inference  is  strongly  con- 
firmed by  the  luminous  corona  surrounding  the  eclipsed  disk. 

2939.  Probable  causes  of  the  red  emanations  in  total  solar 
eclipses. — ^It  appears  to  be  agreed  generally  among  astronomers 
that  the  red  emanations  above  described  are  solar,  and  not  lunar. 
If  they  be  admitted  then  to  be  solar,  it  is  scarcely  possible  to 
imagine  them  to  be  solid  matter,  notwithstanding  the  apparent 
constancy  of  their  form  in  the  brief  interval  during  which 
at  any  one  time  they  are  visible,  for  the  entire  duration  of  their 
visibility  has  never  yet  been  so  much  as  four  minutes.  To 
admit  the  possibility  of  their  being  solar  mountains  projecting 
above  the  luminous  atmosphere  surrounding  the  sun,  and  rising 
to  the  height  in  the  exterior  and  non-luminous  atmosphere 
forming  the  corona  necessary  to  explain  their  appearance,  we 
must  suppose  their  height  to  amount  to  nearly  a  twentieth  part 
of  the  sun's  diameter,  that  is,  to  44,000  miles. 

The  fact  that  they  are  gaseous  and  not  solid  matter  appears, 
therefore,  to  be  conclusively  established  by  their  enormous 
magnitude,  the  great  height  above  the  surface  of  the  sun  at 
which  they  are  placed,  their  faint  degree  of  illumination,  and 
the  circumstances  of  their  being  sometimes  detached  at  their 
base  from  the  visible  limb  of  the  sun.  These  circumstances 
render  it  probable  that  these  remarkable  appearances  are  pro- 
duced by  cloudy  masses  of  extreme  tenuity,  supported,  and  pro- 
bably  produced  in  an  extensive  spherical  shell  of  non-luminous 
gaseous  matter,  surrounding  and  rising  above  the  luminous 
surface  of  the  sun  to  a  great  altitude. 
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II.  LUNAB  ECXIPSES. 

2940.  Cause  of  lunar  eclipses. — When  the  moon  is  in  op- 
position, its  apparent  distance  from  the  plane  of  the  ecliptic  or 
its  latitude,  varying  from  0°  to  upwards  of  5°,  is  at  times  less 
than  the  apparent  semi-diameter,  o  m,  ^.  794.,  of  the  section 
of  the  earth's  conical  shadow,  in  which  case,  falling  more  or  less 
within  the  shadow,  it  will  be  deprived  of  the  sun*s  light,  and 
will  therefore  be  eclipsed. 

The  circumstances  and  conditions  attending  such  a  phe- 
nomenon depend  evidently  on  the  dimensions  of  the  earth's 
shadow,  the  magnitude  of  its  section  at  the  moon's  distance,  and 
the  position  of  the  moon  in  relation  to  it. 

2941.  Dimensions  of  the  earth's  shadow,— Let  s,  A,  «',  and  h' 
express,  as  before,  the  apparent  semi-diameters  and  horizontal 
parallaxes  of  the  sun  and  moon,  and  let  s  express  the  semi-angle 
efa'  of  the  conical  shadow,  and  s""  the  apparent  semi-diameter 
o  a'  n  of  the  section  of  the  shadow  at  the  moon's  distance. 
By  the  common  principles  of  geometry  we  shall  then  have 

s  =  «  —  A        s'  =  A''  —  s=A  +A  —  *. 

Let  L  express  the  length  a\fo£  the  shadow,  in  semi-diameters, 
of  the  earth.     We  shall  then  have  (2297.) 

_  20626 >  __  206265 
""        8        "■   *  —A'*  \ 

s  and  A  being  expressed  in  seconds. 
The  mean  value  of  «  —  A  being  952^',  we  shall  have 

L  =  206. 

2942.  Conditions  which  determine  lunar  eclipses. — ^As  the 
earth  moves  in  its  orbit  round  the  sun«  this  conical  shadow  is 
therefore  constantly  projected  in  a  direction  contrary  to  that  of 
the  sun.  The  axis  e/,  ^g.  794.,  of  the  cone  is  always  in  the 
plane  of  the  ecliptic,  and  its  vertex /describes  an  orbit  which 
lies  in  the  plane  of  the  ecliptic,  outside  that  of  the  eaitb,  at  a 
distance  somewhat  above  206  semi-diameters  of  the  earth*  Any 
body,  therefore,  which  may  happen  to  be  in  the  plane  of  the 
ecliptic,  or  sufficiently  near  to  it,  and  within  this  distance  of  the 
path  of  the  earth,  will  be  deprived  of  the  sun's  light  while  it  is 
within  the  limits  of  the  cone.  The  moon  being  the  only  body 
in  the  universe  which  passes  within  such  a  distance  of  the  earth, 
is  therefore  the  only  one  which  can  be  thus  obscured. 
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At  the  distance  of  the  moon,  which  is  less  than  one-third  of 
the  length  of  the  shadow,  the  section  of  the  dark  cone  is  a  cir- 
cular disk,  the  apparent  semi-diameter  of  which,  according  to 
what  has  just  heen  proved,  subtends  an  angle,  the  mean  and 
extreme  values  of  which  will  be  found  bj  giving  to  the 
quantities  which  enter  the  preceding  formula  for  s',  their  mean 
and  extreme  values. 

The  greatest  value  of  s'  will  be  found  by  subtracting  the 
least  value  of  the  sun's  semi-diameter  from  the  greatest  value 
of  the  sum  of  the  horizontal  parallaxes,  and  it  is  therefore 

8'  =  61'  27''-  15'  46'  =  45'  42^'. 

Its  least  value  is  found  by  subtracting  the  greatest  value  of  the 
sun's  semi-diameter  from  the  least  values  of  the  horizontal 
parallaxes,  and  it  is  therefore 

8'  =  54^  7"- 16'  18"  =  37'  49". 

The  mean  value  of  s'  is,  in  like  manner, 

8'  =  57'  47"  -  16'  2"  =  41'  45". 

The  section  of  the  shadow  may  therefore  be  regarded  as  a  dark, 
disk,  whose  apparent  semi-diameter  varies  between  37'  49"  and 
45'  42",  and  the  true  place  of  whose  centre  is  a  point  on  the 
ecliptic  180°  behind  the  centre  of  the  sun.  A  lunar  eclipse  is 
produced  by  the  superposition,  partial  or  total,  of  this  disk  on 
that  of  the  moon,  and  the  circumstances  and  conditions  which 
determine  such  an  eclipse  are  investigated  upon  the  principles 
already  explained. 

By  the  solar  tables,  the  apparent  position  of  the  centre  of  the 
sun,  from  hour  to  hour,  may  be  ascertained,  and  the  position  of 
the  centre  of  the  section  of  the  shadow  may  thence  be  inferred.^ 
From  the  lunar  tables,  the  position  of  the  moon's  centre  being  in 
like  manner  determined,  the  distance  between  the  centres  of  the 
section  of  the  shadow  and  the  moon's  disk  can  be  ascertained. 
When  this  distance  is  equal  to  the  sum  of  the  apparent  semi- 
diameters  of  the  moon's  disk  and  the  section  of  the  shadow,  the 
eclipse  will  begin ;  the  fhoment  when  the  distance  is  least  will 
be  the  middle  of  the  eclipse,  and  the  line  of  greatest  obscuration ; 
and  when  the  distance  between  the  centres  increasing  becomes 
again  equal  to  the  sum  of  the  apparent  semi-diameters,  the  eclipse 
will  terminate.  The  computation  of  all  these  conditions,  and  the 
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time  of  their  occurrence,  presents  no  other  difficulty  than  those 
of  ordinary  arithmetical  calculation. 

The  magnitude  of  the  eclipses  is  measured,  like  that  of  the  sun, 
by  the  difference  between  ihe  sum  of  the  semi-diameters  and 
the  distance  between  the  centres. 

The  occurrence  of  a  total  eclipse,  and  the  moment  of  its  com- 
mencement, if  it  take  place,  are  determined  by  the  distance  be- 
tween the  centre  of  the  shadow  and  that  of  the  moon  becoming 
equal  to  the  difference  between  the  semi-diameter  of  the  shadow 
and  that  of  the  moon.  Thus,  a  total  eclipse  will  take  place  if 
the  moon's  latitude  l  in  opposition  be  less  than 

that  is,  less  than  the  difference  between  the  sum  of  the  horizontal 
parallaxes  and  the  sum  of  the  semi-diameters. 

Since  the  sum  of  the  horizontal  parallaxes,  even  when  least,  is 
much  greater  than  the  sum  of  the  apparent  semi-diameters,  even 
when  greatest,  a  total  eclipse  of  the  moon  is  always  possible, 
provided  the  centre  of  the  moon  approaches  near  enough  to  the 
centre  of  the  shadow,  and'  for  the  same  reason  an  annular  lunar 
eclipse  is  impossible. 

2943.  Lunar  ecUptic  Umits, — ^That  a  lunar  eclipse  may  take 
place,  it  is  necessary  that  the  moon,  when  in  opposition,  should 
approach  the  ecliptic  within  a  distance  less  than  the  sum  of  the 
apparent  semi- diameters  of  the  moon  and  the  section  of  the 
shadow.  Let  its  latitude  in  opposition  be  l,  the  limiting  value 
of  this  will  be 

L'  =  A  +  A'  +  *'  —  *. 

If  the  latitude  of  the  moon  be  less  than  this  (which  is  the  sum 
of  the  semi-diameters  of  the  moon  and  shadow)  an  eclipse  must 
take  place. 

But,  as  in  the  case  of  solar  eclipses,  the  quantities  composing 
this  being  variable,  the  limit  itself  is  variable.  If  such  values 
be  assigned  to  the  component  quantities  as  to  render  l'  the 
greatest  possible,  we  shall  obtain  the  latitude  within  which 
an  eclipse  is  possible.  If  such  values  be  assigned,  as  will  render 
L^  the  least  possible,  we  shall  obtain  the  latitude  within  which 
an  eclipse  is  inevitable. 

To  obtain  the  major  limit,  we  must  take  the  greatest  values 
of  A,  h%  and  ^,  and  the  least  value  of  s.    This  will  give 

l'  =  61'  27''  +  l&  46"  -  15'  45"  =  I^  2'  28"; 
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and  to  obtain  the  minor  limit,  we  mast  assign  the  least  values  to 
A,  h\  and  ^,  and  the  greatest  to  #,  which  will  give 

L'  =  54'  T'  +  14'  44"  -  16'  18"  =  52^  33". 
The  corresponding  distances  from  the  node,  determined  in  the 
same  manner  as  in  the  case  of  the  solar  ecliptic  limits,  will  be, 
for  the  major  limit, 

N8=:  11°  34' 38", 

and  for  the  minor  limit, 

n'8=:  9*^24' 22". 

If  the  moon  in  opposition  be  within  11*^  34'  38"  of  its  node, 
therefore^  a  lunar  eclipse  may  take  place,  and  wUX  do  so,  if  the 
apparent  diameters  and  parallaxes  have  the  necessary  values  ; 
but  if  it  take  place  within  Q**  24'  22"  of  the  node,  an  eclipse  miiH 
take  place,  because  the  same  quantities  must  be  within  the 
requisite  limits. 

Since  the  sun  moves  through  these  limits  on  each  side  of  the 
node,  in  from  18^  to  22^  days,  it  may  happen  tliat  within  the 
time  no  opposition  may  take  place  at  either  node,  and  conse- 
quently that  no  lunar  eclipse  may  take  place  within  the  year. 

2944.  Limits  for  a  total  eclipse, — It  has  been  explained  that 
a  total  eclipse  can  only  take  place  when  the  moon's  latitude  in 
opposition  is  less  than 

L=(A-|-A')-(*  +  *'0- 
To  determine  the  limit  within  which  a  total  eclipse  is  possibley 
we  must  assign  to  A  +  A^  its  greatest,  and  s  -\-  s^ita  least,  value. 
These  give 

l'  =  (61'  27")  -  (30' 29")  =  30'  58". 

The  distance  from  the  node  corresponding  to  this  is  therefore 

57-30 
N  s  =r30'  58")  X  -^  =  5*^  44'  21'. 

^         0*10 

To  determine  the  limit  within  which  a  total  eclipse  is 
inevitable,  we  must  assign  to  A  +  A'  its  least,  and  to  s  -^s'  its 
greatest,  value.     These  give 

l"  =  (54'  7")  -  (33' 4")  =21'  3", 

and  the  corresponding  distance  from  the  node  is 

N'  8'  =(2l'  3")  x^^  =  3«  65'  5". 
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When  the  distance  from  the  node  at  opposition^  therefore,  is 
greater  than  5^  44'  21",  a  total  eclipse  cannot,  and  when  less 
than  3°  54'  5",  it  mast,  take  place.  Between  these  limits  it 
may  or  may  not  occur,  according  to  the  magnitude  of  the  paral- 
laxes and  apparent  diameters. 

2946.  Greatest  duration  of  total  eclipse. — The  duration  of  a 
total  eclipse  depends  on  the  distance  over  which  the  centre  of 
the  moon's  disk  moves  relatively  to  the  shadow  while  passing 
from  the  first  to  the  last  internal  contact.  This  may  vary  from 
0  to  twice  the  greatest  possible  distance  of  the  moon  s  centre 
from  the  centre  of  the  shadow  at  the  moment  of  internal  contact, 
that  is^  to 

2  l'  =  2  (A  +  A'>  -  2  (*  +  *'), 

and  this  at  its  greatest  value  is,  as  has  been  already  shown, 

2  l'  =  2  X  (3(/  58")  =  61'  56" ; 

and  since  the  moon's  centre  moves  synodically  through  half  a 
minute  of  space  in  each  minute  of  time,  the  interval  necessary 
to  move  over  61'  56"  will  be  two  hours  and  four  minutes,  which 
is  therefore  the  greatest  possible  duration  of  a  total  lunar 
eclipse. 

2946.  Relative  number  of  solar  and  lunar  eclipses. — It  will 
be  evident,  from  what  has  been  explained,  that  the  frequency  of 
solar  is  much  greater  than  that  of  lunar  eclipses,  since  two 
at  least  of  the  former  must,  and  five  may,  take  place  within  the 
year,  while  not  one  of  the  latter  may  occur.  Nevertheless,  the 
number  of  lunar  which  are  exhibited  at  any  given  place  on  the 
earth  is  greater  than  that  of  solar  eclipses,  because,  although  the 
latter  occur  with  so  much  greater  frequency,  they  are  seen  only 
within  particular  limits  on  the  earth's  surface. 

2947.  Effects  of  the  earths  penumbra. — Long  before  the 
moon  enters  within  the  sides  of  the  cone  of  the  shadow  it  enters 
the  penumbra,  and  is  partially  deprived  of  the  sun's  light,  so  as 
to  render  the  illumination  of  its  surface  sensibly  more  faint  When 
once  it  passes  within  the  line  a'  p'  fig.  794  forming  the  external 
limit  of  the  penumbra,  it  ceases  to  receive  light  from  that  part 
of  the  sun  which  is  near  the  limb  6.  As  it  advances  closer  to 
a^  f  the  edge  of  the  true  shadow,  more  and  more  of  the  solar 
rays  are  intercepted  by  the  earth;  and  when  it  approaches  the 
edge,  it  is  only  illuminated  by  a  thin  crescent  of  the  sun,  visible 
from  the  moon  over  the  edge  of  the  earth  at  a*.    It  might  be 
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thus  inferred,  that  the  obscuration  of  the  moon  is  so  extremely 
gradual,  that  it  would  be  impossible  to  perceive  the  limitatioii 
of  the  shadow  and  penumbra.  Nevertheless,  such 
is  the  splendour  of  the  solar  Ught,  that  the  thinnest 
crescent  of  the  sun,  to  which  the  part  of  the  moon's 
surface  near  the  edge  of  the  earth's  shadow  is  ex- 
posed, produces  a  degree  of  illumination  which 
contrasts  so  strongly  with  the  shadow  as  to  render 
the  boundary  of  the  latter  so  distinct,  that  the  phe- 
nomenon presents  one  of  the  most  striking  evidences 
of  the  rotundity  of  the  earth,  the  form  of  the 
shadow  being  accurately  that  which  one  globe 
would  project  upon  another. 

2948.  Effects  of  refraction  of  the  earth's  atmo^ 
sphere  in  total  eclipse.  —  If  the  earth  were  not 
surrounded  with  an  atmosphere  capable  of  refract- 
ing the  sun's  light,  the  disk  of  the  moon  would  be 
absolutely  invisible  after  entering  within  the  edge 
of  the  shadow.  For  the  same  reason,  however, 
that  we  continue  to  see  the  sun's  disk,  and  receive 
its  rays  after  it  has  really  descended  below  the 
horizon,  an  observer  placed  upon  the  moon,  and 
therefore  the  surface  of  the  moon  itself,  must  con* 
tinue  to  receive  the  sun's  rays  after  the  interposition 
of  the  edge  of  the  earth's  disk  as  seen  from  the 
moon.  This  refracted  light  falling  upon  the  moon 
after  it  has  entered  within  the  limits  of  the  shadow. 
Fig.  804«  produces  upon  it  a  peculiar  illumination,  corre- 
sponding in  faintness  and  colour  to  the  rays  thus  transmitted 
through  the  earth's  atmosphere. 

To  render  this  more  clear,  let  e  e',  ^g.  804.,  represent  a 
diameter  of  the  earth  at  right  angles  to  the  axis/of  the  shadow,* 
and  let  a  a'  represent  the  limits  of  the  atmosphere.  Let  s  ef 
be  the  ray  proceeding  from  the  edge  of  the  sun,  and  forming 
therefore  the  boundary  of  the  shadow,  considered  without  refer- 
ence  to  the  atmosphere.  But  the  sokr  rays  in  passing  through 
the  convex  shell  of  air,  between  a  and  e,  are  affected  as  they 
would  be  by  a  convex  lens  composed  of  a  transparent  refracting 
medium  (102Bi),  ^d  are  therefore  rendered  convergent,  so  that 
the  ray  s  e,  instead  of  passing  directly  to  iit,  wiQ  be  bent  inwards 
towards  m\  while  the  rajr  which  really  passes  from  e  to/ is  one 
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which  comes  in  the  direction  s*  e,  and  therefore  from  a  point 
within  the  son's  disk.  The  moon's  disk,  therefore,  or  any  point 
of  it  which  is  within  the  angle  m  e  m\  will  receive  this  refracted 
light,  and  will  be  illuminated  by  it  in  accordance  with  its 
colour  and  intensity. 

The  deflection  which  a  solar  ray  suffers  in  passing  through  tlie 
atmosphere  towards  e  on  the  side  of  the  sun,  is  equal  to  the 
horizontal  refraction,  and  as,  according  to  the  principles  of  optics 
(1034.),  it  suffers  an  equal  refraction  in  passing  out  on  the  other 
side,  the  total  deflection,  which  is  measured  by  the  angle  m  e  m\ 
is  twice  the  horizontal  refraction.  But  the  mean  value  of  the 
horizontal  refraction  being  33',  the  mean  value  of  the  angle  mem' 
will  be  66'.  But  since  the  greatest  value  of  m  e  o  is  45'  42" 
(2942.),  it  follows  that  the  refracted  ray  e  m'  will  fall  upon  the 
section  of  the  shadow  at  a  point  beyond  its  centre ;  and  since  the 
same  will  take  place  at  all  points  around  the  shadow,  it  follows 
that  the  entire  section  will  be  more  or  less  illuminated  by  the 
light  thus  refracted :  the  intensity  of  such  illumination  increases 
from  the  centre  towards  the  borders. 

2949.  Tht  lunar  disk  visible  during  total  obseurcUion, — 
When  the  moon's  limb  first  enters  the  shadow  at  m,  the  contrast 
and  glare  of  the  part  of  the  disk  still  enlightened  by  the  direct 
rays  of  the  sun  render  the  eye  insensible  to  the  more  feeble 
illumination  produced  upon  the  eclipsed  part  of  the  disk  by  the 
refracted  rays.  As,  however,  the  eclipse  proceeds,  and  the 
magnitude  of  the  part  of  the  disk  directly  enlightened  decreases^ 
the  eye,  partly  relieved  from  the  exceasive  glare,  begins  to 
perceive  very  faintly  the  eclipsed  limb,  which  is  nevertheless 
visible  from  the  banning  in  a  telescope^  in  which  it  appears 
with  a  dark  grey  hue.  When  the  entire  di^  has  passed  into 
the  shadow,  it  becomes  distinctly  visible^  showing  a  gradation  of 
tints  from  a  bluish  or  greenish  on  the  outside  to  a  gradually 
increasing  red,  which,  further  in,  changes  to  a  colour  resembling 
that  of  incandescent  iron  when  at  a  dull  red  heat  As  the  lunar 
disk  approaches  the  centre  of  the  shadow,  this  red  line  is  spread 
all  over  it.  Its  illumination  in  this  position  is  sometimes  so 
strong  as  to  throw  a  sensible  shadow,  and  to  render  distinctly 
visible  in  the  telescope  the  lineaments  of  li^t  and  shadow  upon 
its  surface. 

These  effects  are  altogether  similar  to  the  succession  of  tints 
developed  in  our  atmosphere  at  sunset,  and  arisen  in  Gnot,  from 
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the  same  cause,  operating,  however,  with  a  two-fold  intensity. 
The  soUur  rajs  traversing  twice  the  thickness  of  air,  the  blue 
and  green  lights  are  more  efiectuallj  absorbed,  and  a  still  more 
intense  red  is  imparted  to  the  tints  transmitted.  Without 
pursuing  these  consequences  further  here,  the  student  will  find 
no  difficulty  in  tracing  them  in  the  effects  of  sunset  and  of 
sunrise,  and  of  evening  and  morning  twilight. 

III.    Eclipses,  Transits,  and  Occultations  of  the 
Jovian  System. 

2950.  The  motions  of  Jupiter  and  his  satellites,  as  seeir  from 
the  earth,  exhibit,  from  time  to  time,  all  the  effects  of  inter- 
position. 

Let  J  j',^j9r.805.,  represent  the  planet,  j/j'  its  conical  shadow, 
#  /  the  sun,  e  and  e'  the  positions  of 
the  earth  when  the  planet  is  in  qua- 
drature, in  which  position  the  shadow 
zfz*  is  presented  with  least  obliquity 
to  the  visual  line,  and  therefore  least 
foreshortened,  and  most  distinctly 
seen.  Let  h  b'dd  represent  the  orbit 
of  one  of  the  satellites,  the  plane  of 
which  coincides  nearly  with  that  of 
the  planet's  orbit,  and,  for  the  pur- 
poses of  the  present  illustration,  the 
latter  may  be  considered  as  coincid- 
ing with  the  ecliptic  without  pro- 
ducing sensible  error. 

From  e  suppose  the  visual  lines 
E  J  and  e  j'  to  be  drawn,  meeting 
the  path  of  the  satellite  at  d  and  g, 
and  at  a'  and  b\  and,  in  like  manner, 
let  the  corresponding  visual  lines 
from  e'  meet  it  at  d  and  ^,  and  at 
a!  and  b'.  Let  c  and  &  be  the  points 
where  the  path  of  the  satellite  crosses 
the  limits  of  the  shadow,  and  h  and 
h*  the  points  where  it  crosses  the 
extreme  solar  rays  which  pass  along 
those  limits. 

If  /  express  the  length  jy  of  the 
Fig.  805.  shadow,  d  the  distance  of  the  planet 
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from  the  san  in  semi'diameters  of  the  planet,  and  r  and  /  the 
semi-diameters  of  the  sun  and  the  planet  respectivelj,  we  shall 
have  (2917.) 

r  —  r 
But 

rf=  11227  r=441000  r'=4400, 

and  therefore 

'="227X1^^=12475 

that  is  to  say,  the  length  of  the  shadow  is  1247  semi-diameters  of 
the  planet.  Now,  since  the  distance  of  the  most  remote  satellite  is 
not  so  much  as  27  semi-diameters  of  the  planet  (2760.),  and  since 
the  orbits  of  the  satellites  are  almost  exactly  in  the  plane  of  the 
orbit  of  the  planet,  it  is  evident  that  they  will  necessarily  pass 
through  the  shadow,  and  almost  through  its  axis,  every  revolu- 
tion, and  the  lengths  of  their  paths  in  the  shadow  will  be  very 
little  less  than  the  diameter  of  the  planet. 

The  fourth  satellite,  in  extremely  rare  cases,  presents  an 
exception  to  this,  passing  through  opposition  without  entering 
the  shadow.  In  general,  however,  it  may  be  considered  that  all 
the  satellites  in  opposition  pass  through  the  shadow. 

295 1 .  Effects  of  interposition, — The  planet  and  satellites  ex- 
hibit, from  time  to  time,  four  different  effects  of  interposition. 

2952.  1st.  Eclipses  of  the  satellites.  —  These  take  place  when 
the  satellites  pass  behind  the  planet.  Their  entrance  into  the 
shadow,  called  the  immersion^  is  marked  by  their  sudden  ex- 
tinction. Their  passage  out  of  the  shadow,  called  their  emer' 
sion^  is  manifested  by  their  being  suddenly  relighted. 

2953.  2nd.  Eclipses  of  the  planet  hy  the  satellites, — When  the 
satellites,  at  the  periods  of  their  conjunctions,  pass  between  the 
lines  s  j  and  s'  f,  their  shadows  are  projected  on  the  surface  of 
the  planet  in  the  same  manner  as  the  shadow  of  the  moon  is 
projected  on  the  earth  in  a  solar  edipse,  and  in  this  case  the 
shadow  may  be  seen  moving  across  the  disk  of  the  planet,  in  a 
direction  parallel  to  its  belts,  as  a  amall  round  and  intensely 
black  spot. 

2954.  3rd.  OccultaHons  of  the  satellites  by  the  planet — When 
a  satellite,  passing  behind  the  planet,  is  between  the  tangents 
E  J  a'  and  %y  h\  drawn  from  the  earth,  it  is  concealed  from  the 
observer  on  the  earth  by  the  interposition  of  the  body  of  the 
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planet  It  suddenly  disappears  on  one  side  of  the  planet's  disk, 
and  as  suddenly  reappears  on  the  other  side,  having  passed  over 
that  part  of  its  orbit  which  is  included  between  the  tangents. 
This  phenomenon  is  called  an  occultation  of  the  satellite. 

2965.4th.  Transits  of  the  satellites  aver  ike  planet — When 
a  satellite^  being  between  the  earth  and  planet,  passes  between 
the  tangents  b  j  and  s  y,  drawn  from  the  earth  to  the  planet,  its 
disk  is  projected  on  that  of  the  planet,  and  it  may  be  seen  pass* 
ing  across,  as  a  small  brown  spot,  brighter  or  darker  than  the 
ground  on  which  it  is  projected,  according  as  it  is  projected  on 
a  dark  or  bright  belt.  The  entrance  of  the  satellite  upon  the 
disk,  and  its  departure  from  it,  are  denominated  its  ingress  and 
egress. 

2956,  All  these  phenomena  manifested  at  quadrature.^^ 
When  the  planet  is  in  quadrature,  and  the  shadow  therefore 
presented  to  the  visual  ray  with  least  eflEect  of  foreshortening, 
all  these  several  phenomena  may  be  witnessed  in  the  revolution 
of  each  satellite. 

The  earth  being  at  b  or  b',  the  visual  line  e  j  or  £'  y  crosses 
the  boundary  x'  or  x  of  the  shadow  at  a  distance  o^  J^  or  xj 
from  the  planet,  which  bears  the  same  ratio  to  its  diameter  as 
the  distance  of  Jupiter  from  the  sun  bears  to  the  distance  of  the 
earth  from  the  sun,  as  is  evident  from  the  figure.  But  Jupiter's 
distance  from  the  sun  being  five  times  that  of  the  earth,  it 
follows  that  the  distance  x  J  is  five  diameters,  or  ten  semi- 
diameters,  of  the  planet.  But  since  the  distance  of  the  first 
satellite  is  only  six,  and  that  of  the  second  somewhat  less  than 
ten,  semi-diameters  of  the  planet,  it  follows  that  the  paths  of 
these  two  will  lie  within  the  distance  xj  ot  x  j'. 
.  The  planet  being  in  quadrature  90^  behind  the  sun,  the  earth 
will  be  at  E,  and  the  entire  section  c  c'  of  the  shadow,  at  the 
distances  of  the  third  and  fourth  satellites  (which  are  15  and 
27  semi-diameters  of  the  planet  respectively),  will  be  visible  to 
the  west  of  the  planet,  so  that  when  these  satellites,  moving 
from  by  as  indicated  by  %\ie  arrow,  pass  through  the  shadow, 
their  immersion  a^d  en^eipion  will  be  both  manifested  on  the. 
west  of  the  planet,  by  their  sudden  disappearance  and  reappear^ 
ance  on  entering  and  emerging  from  the  shadow  at  c  and  c'. 
But  the  section  of  the  shadow,  at  the  distances  of  the  first  and 
second  satellites,  being  nearer  to  the  planet  than  x  a/,  will  be 
visible  only  at  its  western  edge,  the  planet  intercepting  the 
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TiBual  raj  directed  to  the  eastern  edge.  The  immersion,  there- 
fore, of  these  will  be  manifested  bj  their  sudden  disappearance 
on  the  west  of  the  planet,  at  the  moment  of  their  immersion, 
bat  the  view  of  their  immersion  will  be  intercepted  bj  the  body 
of  the  planets,  and  they  will  only  reappear  after  having  passed 
behind  the  planet. 

The  third  and  fourth  satellites,  after  emerging  from  the 
shadow  at  c',  and  appearing  to  be  relighted,  will  again  be 
extinguished  when  they  come  to  the  visual  ray  b  j  a',  which 
touches  the  planet.  The  moment  of  passing  this  ray  is  that  of 
the  commencement  of  their  occultation  by  the  planet.  They 
will  continue  invisible  until  they  arrive  at  the  other  tangential 
visual  ray  b  y  b\  when  they  will  suddenly  reappear  to  the  east 
of  the  planet,  the  occultation  ceasing. 

In  the  cases  of  the  first  and  second  satellites,  the  commence- 
ment of  the  occultation  preceding  the  termination  of  the  eclipse, 
it  is  not  perceived,  the  satellite  at  the  moment  of  the  inter-' 
position  of  the  edge  of  the  planet  not  having  yet  emerged  from 
the  shadow.  In  these  cases,  therefore,  the  disappearance  of  the 
satellite  at  the  commencement  of  the  eclipse,  and  its  reappear-* 
ance  at  the  termination  of  the  occultation,  alone  are  perceived, 
the  emersion  from  the  shadow  being  concealed  by  the  occulta- 
tion, which  has  already  commenced,  and  the  disappearance  at 
the  commencement  of  the  occultation  being  prevented  by  the 
eclipse  not  yet  terminated. 

When  the  satellite,  proceeding  in  its  orbit,  arrives  at  A',  its 
shadow  falls  upon  the  planet,  and  is  seen  from  the  earth  at  b,  to 
move  across  its  disk  as  a  small  black  spot,  while  the  planet 
moves  from  A'  to  A. 

When  the  planet  arrives  at  g,  it  passes  the  visual  ray  ej^,  and 
while  it  moves  from  ^  to  cf,  its  disk  is  projected  on  that  of  the 
planet,  and  a  transit  takes  place,  as  already  described. 

Thus,  at  quadrature,  the  third  and  fourth  satellites  present 
successively  all  the  phenomena  of  interposition  :  1st,  an  eclipse  of 
the  satellite  to  the  west  of  the  planet  shows  both  immersion  and 
emersion ;  2nd,  an  occultatibn  of  the  satellite  by  the  planet,  the 
disappearance  and  reappearance  bein^  both  manifested  *,  drd,  the 
eclipse  of  the  planet  by  the  satellite ;  and  4th,  the  transit  of  the 
satellite  over  the  planet. 

2957.  Effects  modified  at  other  elongtttions.'^  There  is  a 
eertain  limit,  such  as  «,  at  which  tlie  ent«rMonF  of  the  third  and 
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fourth  satellites  is  intercepted,  like  that  of  the  first,  by  the  body 
of  the  planet  This  is  determined  by  the  place  of  the  earth 
from  which  the  visual  ray  e  j  c'  is  directed  to  the  eastern  edge 
of  the  section  of  the  shadow  at  the  planet's  distance.  Within 
this  h'mit  the  phenomena  for  the  third  and  fourth  satellites 
are  altogether  similar  to  those  already  explained  in  the  case  of 
the  first  and  second  satellites  seen  from  e. 

When  the  earth  is  between  c  and  t'  no  eclipses  can  be 
witnessed.  Those  of  the  satellites  are  rendered  invisible  by 
the  interposition  of  the  planet,  and  those  of  the  planet  by  the 
interposition  of  the  satellites. 

When  the  earth  is  at  tf'  and  e',  the  phenomena  are  similar  to 
those  manifested  at  e  and  £,  but  they  are  exhibited  in  a  different 
order  and  direction.  The  occultation  of  the  satellite  precedes 
its  eclipse,  and  the  latter  takes  place  to  the  east  of  the  planet. 
In  like  manner,  the  transit  of  the  satellite  precedes  the  eclipse 
of  the  planet. 

The  student,  aided  by  the  diagram,  and  what  has  been  ex- 
plained, will  find  no  difficulty  in  tracing  these  and  other  con- 
sequences. 

2958.  Phenomena  predicted  in  Nautical  Almanack, — ^The 
times  of  the  occurrence  of  all  these  several  phenomena  are 
calculated  and  predicted  with  the  greatest  precision,  and  may 
be  found  registered  in  the  Nautical  Almanack,  with  the  dia- 
grams for  each  month,  to  aid  the  observer.  The  mean  time 
of  their  occurrence  at  Greenwich  is  there  given,  so  that  if 
the  time  at  which  any  of  them  are  observed  to  occur  in  any 
other  place  be  observed,  the  difference  of  such  local  time  and 
that  registered  in  the  Almanack  will  give  the  longitude  of  the 
place  east  or  west  of  the  meridian  of  Greenwich. 

2969.  Motion  of  light  discovered^  and  its  velocity  measured 
by  means  of  these  eclipses. —  Soon  after  the  invention  of  the 
telescope,  Roemer,  an  eminent  Danish  astronomer,  engaged  in  a 
series  of  observations,  the  object  of  which  was  the  discovery  of 
the  exact  time  of  the  revolution  of  one  of  these  bodies  around 
Jupiter.  The  mode  in  which  he  proposed  to  investigate  this 
was,  by  observing  the  successive  eclipses  of  the  satellite,  and 
noticing  the  time  between  them. 

Now  if  it  were  possible  to  observe  accurately  the  moment  at 
which  the  satellite  would,  after  each  revolution,  either  enter 
the  shadow,  or  emerge  from  it;  the  interval  of  time  between 
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these  events  would  enable  us  to  calculate  exactly  the  yelocitj 
and  motion  of  the  satellite.  It  was,  then,  in  this  manner  that 
Roemer  proposed  to  ascertain  the  motion  of  the  satellite.  But, 
in  order  to  obtain  this  estimate  with  the  greatest  possible  pre- 
cision, he  proposed  to  continue  his  observations  for  several 
months. 

Let  us,  then,  suppose  that  we  have  observed  the  time  which 
has  elapsed  between  two  successive  eclipses,  and  that  this  time 
is,  for  example,  fortj-three  hours.  We  ought  to  expect  that 
the  eclipse  would  recur  after  the  lapse  of  every  successive  period 
of  forty-three  hours. 

Imagine,  then,  a  table  to  be  computed  in  which  we  shall 
calculate  and  register  before  hand  the  moment  at  which  every 
successive  eclipse  of  the  satellite  for  twelve  months  to  come 
shall  occur,  and  let  us  conceive  that  the  earth  is  at  a,  at  the 
commencement  of  our  observations :  we  shall  then,  as  Roemer 
did,  observe  the  moments  at  which  the  eclipses  occur,  and 
compare  them  with  the  moments  registered  in  the  table. 

Let  the  earth,  at  the  commencement  of  these  observations, 
be  supposed  at  £,  fig,  762.,  where  it  is  nearest  to  Jupiter. 
When  the  earth  has  moved  to  e",  it  will  be  found  that  the 
occurrence  of  the  eclipse  is  a  little  later  than  the  time  regis- 
tered in  the  table. 

As  the  earth  moves  from  e"  towards  e'",  the  actual  occur- 
rence of  the  eclipse  is  more  and  more  retarded  beyond  the  time 
of  its  computed  occurrence,  until  at  b'",  in  conjunction,  it  is 
found  to  occur  about  sixteen  minutes  later  than  the  calculated 
time. 

By  observations  such  as  these,  Roemer  was  struck  with  the 
fact  that  his  predictions  of  the  eclipses  proved  in  every  case  to 
be  wrong.  It  would  at  first  occur  to  him  that  this  discrepancy 
might  arise  from  some  errors  of  his  observations ;  but,  if  such 
were  the  case,  it  might  be  expected  that  the  result  would  betray 
that  kind  of  irregularity  which  is  always  the  character  of  such 
errors.  Thus  it  would  be  expected  that  the  predicted  time 
would  sometimes  be  later,  and  sometimes  earlier,  than  the 
observed  time,  and  that  it  would  be  later  and  earlier  to  an 
irregular  extent.  On  the  contrary,  it  was  observed,  that  while 
the  earth  moved  from  e  to  e"',  the  observed  time  was  continually 
later  than  the  predicted  time,  and,  moreover,  that  the  interval 
by  which  it  was  later  continually  and  regularly  increased.   This 
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was  an  effect,  then,  too  regular  and  consistent  to  be  supposed 
to  arise  from  the  casual  errors  of  observation ;  it  must  have  its 
origin  in  some  physical  cause  of  a  regular  kind. 

The  attention  of  Roemer  being  thus  attracted  to  the  question, 
he  determined  to  pursue  the  investigation  bj  continuing  to 
observe  the  eclipses.  Time  accordingly  rolled  on,  and  the  earth, 
transporting  the  astronomer  with  it,  moved  from  e"'  to  e^ 

It  was  now  found,  that  though  the  time  observed  was  later 
than  the  computed  time,  it  was  not  so  much  so  as  at  e"'  ;  and 
as  the  earth  again  approached  opposition,  the  difference  became 
less  and  less,  until,  on  arriving  at  E,  the  position  of  opposition, 
the  observed  eclipse  agreed  in  time  exactly  with  the  computation. 

From  this  course  of  observation  it  became  apparent  that  the 
lateness  of  the  eclipse  depended  altogether  on  the  increased 
distance  of  the  earth  from  Jupiter.  The  greater  that  distance, 
the  later  was  the  occurrence  of  the  eclipse  as  apparent  to  the 
observers,  and  on  calculating  the  change  of  distance,  it  was 
found  that  the  delay  of  the  eclipse  was  exactly  proportional  to 
the  increase  of  the  earth's  distance  from  the  place  where  the 
eclipse  occurred.  Thus,  when  the  earth  was  at  e'",  the  eclipse 
was  observed  sixteen  minutes,  or  about  1000  seconds,  later  than 
when  the  earth  was  at  e.  The  diameter  of  the  orbit  of  the 
earth,  e  e'",  measuring  about  two  hundred  millions  of  miles,  it 
appeared  that  that  distance  produced  a  delay  of  a  thousand 
seconds,  which  was  at  the  rate  of  two  hundred  thousand  miles 
per  second.  It  appeared,  then,  that  for  every  two  hundred 
thousand  miles  that  the  earth's  distance  from  Jupiter  was 
increased,  the  observation  of  the  eclipse  was  delayed  one 
second. 

Such  were  the  facts  which  presented  themselves  to  Roemer. 
How  were  they  to  be  explained  ?  It  would  be  absurd  to  suppose 
that  the  actual  occurrence  of  the  eclipse  was  delayed  by  the 
increased  distance  of  the  earth  from  Jupiter.  These  phenomena 
depend  only  on  the  motion  of  the  satellite  and  the  position  of 
Jupiter's  shadow,  and  have  nothing  to  do  with,  and  can  have 
no  dependence  on,  the  position  or  motion  of  the  earth,  yet  un- 
questionably the  time  they  appear  to  occur  to  an  observer  upon 
the  earth,  has  a  dependance  on  the  distance  of  the  earth  from 
Jupiter. 

To  solve  this  difficulty,  the  happy  idea  occurred  to  Roemer 
that  the  moment  at  which  we  see  the  extinction  of  the  satellite 
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1^  its  entrance  into  the  shadow  is  not,  in  any  case,  the  rery 
moment  at  which  that  event  takes  place,  hut  sometime  after- 
ward, viz.,  such  an  interval  as  is  sufficient  for  the  light  which 
left  the  satellite  just  hefore  its  extinction  to  reach  the  eye. 
Viewing  the  matter  thus,  it  will  he  apparent  that  the  more 
distant  the  earth  is  from  the  satellite,  the  longer  will  he  the 
interval  between  the  extinction  of  the  satellite  and  the  arrival 
of  the  last  portion  of  light  which  left  it  at  the  earth  ;  but  the 
moment  of  the  extinction  of  the  satellite  is  that  of  the  com-* 
mencement  of  the  eclipse,  and  the  moment  of  the  arrival  of  the 
light  at  the  earth  is  the  moment  the  commencement  of  the 
eclipse  is  observed. 

Thus  Roemer,  with  the  greatest  felicitj  and  success,  explained 
the  discrepancy  between  the  calculated  and  the  observed  times 
of  the  eclipses ;  but  he  saw  that  these  circumstances  placed  a 
great  discovery  at  his  hand.  In  short,  it  was  apparent  that 
light  is  propagated  through  space  with  a  certain  definite  speed, 
and  that  the  circumstances  we  have  just  explained  supply  the 
means  of  measuring  that  velocity. 

We  have  shown  that  the  eclipse  of  the  satellite  is  delayed  one 
second  more  for  every  two  hundred  thousand  miles  that  the 
earth's  distance  from  Jupiter  is  increased,  the  reason  of  which 
obviously  is,  that  light  takes  one  second  to  move  over  that 
space ;  hence  it  is  apparent  that  the  velocity  of  light  is  at  the 
rate,  in  round  numbers,  of  two  hundred  thousand  miles  per 
second. 

By  more  exact  observation  and  calculation  the  velocity  is 
found  to  be  192,000  miles  per  second,  the  time  taken  in  crossing 
the  earth's  orbit  being  16m.  26'6s. 

2960.  Eclipses  of  Saturn's  sateUiies  not  observable. — Owing 
to  the  obliquity  of  the  orbits  of  the  Saturnian  satellites  to  that 
of  the  primary,  eclipses  only  take  place  at  or  near  the  equinoxes 
of  the  planet,  the  satellites  revolving  nearly  in  the  commoa 
plane  of  the  equator  and  the  ring.  When  they  do  take  place, 
these  eclipses  are  so  difficult  of  observation  as  to  be  practically 
useless  for  the  determination  of  longitudes,  and  have,  con- 
sequently, received  but  little  attention. 

IV.  Transits  op  thb  Infbriob  Planets. 

2961.  Conditions  which  determine  a  transit, — When  an 
inferior  planet,  being  in  inferior  conjunction,  has  a  less  latitude 
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or  distance  from  the  ecliptic  than  the  sun's  semi-diameter,  it 
will  be  less  distant  from  the  sun's  centre  than  such  semi- 
diameter,  and  will  therefore  be  within  the  sun's  disk.  In  this 
case,  the  planet  being  between  the  earth  and  sun,  its  dark 
hemisphere  being  turned  towards  the  earth,  it  will  appear  pro- 
jected upon  the  sun's  disk  as  an  intensely  black  round  spot. 
The  apparent  motion  of  the  planet  being  then  retrograde,  it 
will  appear  to  move  across  the  disk  of  the  sun  from  east  to  west 
in  a  line  sensibly  parallel  to  the  ecliptic. 

Such  a  phenomenon  is  called  a  transit,  and  as  it  can  only 
take  place  with  planets  which  pass  between  the  earth  and  sun, 
it  is  limited  to  Venus  and  Mercury. 

Notwithstanding  the  very  small  obliquity  of  the  orbits  of 
these  planets,  it  is  evident  that  transits  can  only  take  place 
^.  when  the  planet  is  within  an  ex- 
tremely small  distance  of  its  node. 
Let  N  be  the  node,^.  806 ,  s  the 
~     o^  centre  of  the  sun's  disk  on  the 

rig.  oOd.  ...  I        <•.  A 

ecliptic,  at  the  distance  n#  from 
the  node  at  which  the  edge  p  of  the  disk  just  touches  the  orbit 
vp  of  the  planet.  It  is  evident  that  a  transit  can  only  take 
place  when  the  sun's  centre  is  at  a  less  distance  than  n#  from 
the  node. 

Let  o  express  the  obliquity /ik#  of  the  planet's  orbit  The 
mean  value  of  the  semi-diameter  $p  of  the  sun  being  16'  or 
0^-266,  we  shall  have  (2294.) 

N,=0-266x^  =  l^!:?l. 
o  o 

The  obliquity  of  Mercury's  orbit  being  7",  we  shall  have 

N,  =  i£_£?  =  2*>-18  =  2°  IC, 

and  that  of  Venus'  orbit  being  8^*39,  we  shall  have 
51^-24 

Thus  the  distances  from  the  node  within  which  transits  take 
place,  the  planet  being  in  conjunction,  are  2**  11'  for  Mercury, 
and  4*'  SC  for  Venus. 

2962.  Intervals  of  the  occurrence  of  transits. — The  transits 
of  Mercury  and  Venus  are  phenomena  of  rare  occurrence, 
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especially  those  of  Venus,  and  they  are  separated  by  very  un- 
equal intervals.  The  following  are  the  dates  of  the  successive 
transits  of  Mercury  during  the  latter  half  of  the  present 
century :  — 

1845     -  -  .     May    8. 

1848    -  .  -    Nov.  9. 

1861     -  .  -    Nov.  11. 

1868     -  -  -    Nov.  4. 

1878    .  .  .    May   6. 

Those  of  Venus  occur  only  at  intervals  of  8,  122,  8,  105,  8, 
122,  &c.  years.  Two  only  will  take  place  in  the  present 
century— in  1874  and  1882. 

2963.  The  $un*s  distance  determined  by  the  transit  of  Venus, 
— The  transits  of  Venus  have  acquired  immense  interest  and 
importance,  from  the  circumstance  of  their  supplying  data  by 
which  the  sun's  distance  from  the  earth  can  be  determined  with 
far  greater  precision  than  by  any  other  known  method.  The 
transits  of  Mercury  would  supply  like  data,  but  owing  to  the 
greater  distance  of  that  planet  from  the  earth  when  in  inferior 
conjunction,  the  conditions  affecting  the  data  are  not  nearly  so 
favourable  as  those  supplied  by  Venus. 

The  details  of  this  celebrated  problem  are  much  too  com- 
plicated, and  involve  calculations  too  long  and  intricate,  to  admit 
of  being  fully  explained  here,  but  there  is  no  difficulty  in  ren- 
dering the  principle  and  spirit  of  the  solution  intelligible. 

It  will  be  observed  that  although  the  exact  determination  of 
the  absolute  distances  of  the  planets  from  the  sun  be  attended 
with  some  difficulty,  there  is  none  in  the  determination  of  their 
relative  distances.  The  observation  of  their  synodic  motions, 
which  may  be  made  with  great  precision,  supplies  the  data 
necessary  for  the  solution  of  this  problem  (2593.),  and  it  is  thus 
ascertained  that  the  distances  of  the  earth  and  Venus  from  the 
sun  are  in  the  ratio  of  1000  to  723. 

It  follows,  therefore,  that  when  Venus  is  directly  interposed 
between  the  earth  and  sun,  as  she  always  must  be  when  a 
transit  takes  place,  the  ratio  of  her  distances  from  the  earth 
and  sun  is  that  of  277  to  723. 

^t  '^y  fi9'  307.,  represent  the  place  of  the  planet  at  con- 
junction, and  let  ee  and  ss'  be  two  lines  taken  at  right  angles 
to  the  plane  of  the  ecliptic^  and,  therefore,  to  the  direction  of 
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the  planet's  motioiL  The  planet  t«  viewed  firom  anj  points, 
3ach  as  p  and  p\  upon  the  line  e  e^,  will  be  seen  as  projected  on 
corresponding  points  p  and  p'  of  the  line  s  s'. 
Now  it  is  evident  that  the  distance  between 
the  points  p  and  p'  will  bear  to  the  distance 
between  the  points  p  and  p'  the  same  ratio  as 
VP  bears  to  vp,  that  is,  723  to  277,  or  2-61  to  1. 
If,  therefore,  the  distance  between  the  points 
p  and  p'  upon  the  earth  be  known,  or  can  be 
ascertained  (which  it  alwajs  may  be),  the  dis« 
tance  between  the  corresponding  points  p  and 
p^  on  the  sun  will  be 

pp'=p/)'x2-61. 

K  the  points  p  and  p'  were  visibly  marked 
upon  the  sun  so  that  the  apparent  distance 
between  them  could  be  exactly  measured  with 
the  micrometer,  the  linear  value  of  1"  at  the  sun 
would  be  ascertained;    for  if  a    express,  in 
~^    seconds,  the  apparent  distance  between  p  and  p' 
Fig.  807.        thus  ascertained,  we  should  have  for  the  linear 
value  *  of  1" 


_pp'  _pp^>^2'6l 


Supplied  with  this  datum,  the  distance  d  of  the  sun  from  the 
earth  would  be  (2294.) 

a 

If  the  places  of  observation  p  and  p'  be  not  placed  upon  a 
line  at  right  angles  to  the  ecliptic,  its  projection  on  such  a  line 
can  be  ascertained  by  computation,  and  may  be  substituted 
for  it. 

It  is  evident,  therefore,  that  the  problem  is  reduced  to  the 
determination  of  the  apparent  angle  subtended  at  the  earth  by 
the  two  points  of  the  sun*s  disk  p  and  p',  upon  which  the  planet 
is  projected  when  viewed  from  the  two  places /^  and/>'  upon 
the  earth. 

But  since  the  black  spot  formed  by  the  projection  of  the 
planet  is  in  continual  motion  on  the  disk  of  the  sun,  it  would  be 


Digitized  by 


Google 


ECLIPSES,  TRANSITS,  AND  OCCULTATIONS.     470 

impracticable  to  determine  its  position  at  any  giren  moment  with 
the  degree  of  precision  necessary  to  compare  observations  of 
this  delicate  kind  made  at  distant  places  on  the  earth.  Besides 
which,  to  render  the  observations  made  at  precisely  the  same 
moment  of  absolate  time  comparable,  it  would  be  necessary 
that  the  difference  of  the  longitudes  of  the  stations  be  known 
with  a  degree  of  precision  not  attainable  under  the  circum- 
stances. 

A  happy  expedient,  however,  has  been  imagined,  by  which 
this  difficulty  has  been  effectually  surmounted.  It  will  be  re- 
membered that  the  motion  of  the  planet  T  is  at  right  angles  to 
the  plane  of  the  diagram,  and  therefore  to  the  line  s  s'  supposed 
to  be  drawn  upon  the  disk  of  the  sun.  The  apparent  paths  of 
the  projections  p  aud  V  of  the  planet  on  the  sun's  disk  will 
therefore  be  also  at  right  angles  to  this  line  s  s^,  and  parallel  to 
each  other,  being,  in  fact,  both  parallel  to  the  ecliptic. 

Let  8  8',^-9f,  808.,  represent  the  disk  of  the  sun  which  is  at 
right  angles  to  the  line  joining  the  earth  and  planet  with  the 
sun's  centre,  and  therefore  to  the  plane  of 
fig.  807.  Let  p  and  ^,fig.  808.,  represent  two 
points,  upon  which  the  planet  is  simultane- 
•^ously  projected,  as  viewed  from  /)  and  p\ 
^^  fig-  807.  Let  88',  fig,  808.,  be  that  diameter 
of  the  sun's  disk  which  is  in  the  plane  of  the 
ecliptic.  The  apparent  paths  of  the  projections 
Fig.  808.  Qf  ^^  planet  on  the  sun's  disk  will  be  parallel 
to  8s',  and  will  therefore  be  m  n  and  nt!  n!.  Now,  if  the  planet, 
as  it  moves,  were  to  leave  a  permanent  mark  upon  the  disk 
of  the  sun,  indicating  the  line  its  projection  followed,  seen  from 
each  place,  it  would  be  an  easy  matter  to  measure  the  apparent 
distance  p  p'  between  these  lines,  and  thus  solve  the  problem. 
No  such  permanent  mark,  nor  any  other  visible  indication, 
however,  exists. 

The  synodic  motion  of  the  planet,  that  is  to  say,  its  motion 
relatively  to  the  sun,  however,  being  computed  and  known  with 
the  utmost  precision,  this  motion  has,  with  the  greatest  felicity 
and  success,  been  used  as  a  means  of  estimating  the  distances 
between  the  chords  m  n  and  m'  n'  of  the  sun's  disk,  along  which 
the  planet  appears  to  more.  The  time  taken  at  each  place  by 
the  planet  to  move  over  the  chords  m  n  and  m!  n*  being  exactly 
observed,  and  the  rate  of  the  apparent  motion  of  the  planet  being 
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exactly  known,  the  number  of  seconds  in  each  of  the  chords  can 
be  ascertained.  From  these  data  the  length  of  pp'  may  be 
computed.    We  shall  have 

cp'  =  cm^  —  mp* 

The  distances  cp  and  c  p'  being  thus  determined,  their  difference 
will  be  pp',  which  will  therefore  be  known. 

To  determine  with  the  necessary  precision  the  duration  of  the 
transit  at  each  place  of  observation,  it  is  necessary  to  ascertain 
the  exact  moment  at  which  the  centre  of  the  planet's  disk  crosses 
the  limb  of  the  sun  at  the  beginning  and  end  of  the  transit,  but 
as  the  centre  of  the  planet's  disk  is  not  marked  by  any  visible 
or  distinguishable  point,  this  cannot  be  directly  observed.  It 
is  ascertained  by  noting,  as  precisely  as  possible,  the  times  of 
external  and  internal  contact  of  the  planet's  disk  with  the  limb 
of  the  sun,  both  at  the  beginning  and  end  of  the  transit.  The 
middle  of  the  interval  between  external  and  internal  contact  in 
each  case,  is  the  moment  of  the  passage  of  the  centre  of  the 
planet's  disk  over  the  limb. 

It  is  evident  that  the  solution  of  this  problem  includes  the 
determination  of  the  horizontal  parallax  of  the  sun,  for  the 
linear  value  of  V  at  the  sun  as  seen  from  the  earth  is  the  same 
as  the  linear  value  1"  at  the  earth  as  seen  from  the  sun.  By  the 
method  just  explained,  this  is  found  to  be  at  the  mean  distance, 
466  miles,  and  since  the  horizontal  parallax  t  of  the  sun  is 
the  angle  which  the  semi-diameter  of  the  earth  subtends  at  the 
sun,  it  is 

_  3963  _  Q// - 

and  the  distance  itself  of  the  sun  is 

d  =  206265  X  466  =  96,119,490  miles. 

In  the  practical  application  of  this  method  various  circumstances 
are  taken  into  account,  such  as  the  effects  of  the  diurnal  rotation 
of  the  earth,  &c. 

V.   OCCULTATIONS. 

2964.  Occultation  defined. — When  any  celestial  object,  the 
sun  excepted,  is  concealed  by  the  interposition  of  another,  it  is 
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said  to  be  oooulted,  and  the  phenomenon  is  called  an  occul- 

TATION. 

Strictly  speaking,  a  solar  eclipse  is  an  occultation  of  the  sun 
by  the  moon,  but  usage  has  given  to  it,  by  exception,  the  name 
of  an  eclipse. 

2966.  Occultations  by  the  moon,  —  The  phenomena  of  this 
class,  which  possess  greatest  astronomical  interest,  are  those  of 
stars  and. planets  by  the  moon.  That  body,  measuring  about 
half  a  degree  in  diameter,  moves  in  her  monthly  course  so  as 
to  occult  every  object  on  the  firmament  which  is  included  in  a 
Bone  extending  to  a  quarter  of  a  degree  at  each  side  of  the 
apparent  path  of  her  centre.  All  the  stars  whose  places  lie  in 
this  zone  are  successively  occulted,  and  disappearances  and  re- 
appearances of  the  more  conspicuous  ones,  as  well  as  those  of 
the  planets  which  may  be  found  within  the  limits  of  the  same 
cone,  present  some  of  the  most  striking  effects  which  are  wit- 
nessed by  observers. 

The  astronomical  amateur  will  find  in  the  Nautical  Almanack 
ft  table  in  which  all  the  principal  occultations,  both  of  stars  and 
planets,  are  predicted. 

The  disappearance  takes  place  always  at  the  limb  of  the  moon, 
which  is  presented  in  the  direction  of  its  motion. 

From  the  epoch  of  full  moon  to  that  of  new  moon  thd  moon 
moves  with  the  enlightened  edge  foremost,  and  from  new  moon 
to  full  moon  with  the  dark  edge  foremost.  During  the  formed 
interval,  therefore,  the  objects  occulted  disappear  at  the  en- 
lightened edge,  and  reappear  at  the  dark  edge,  and  during  the 
latter  period  they  disappear  at  the  dark,  and  reappear  at  the 
enligfatened  edge. 

The  disappearances  and  reappearances  when  the  moon  is  a 
crescent  are  especially  remarkable.  If  the  disappearance  take 
place  at  the  convex  edge,  notice  of  its  approach  is  given  by  the 
visible  proximity  of  the  star,  which,  at  the  moment  of  contact, 
is  suddenly  extinguished.  Its  reappearance  is  more  startling, 
for  it  seems  to  be  suddenly  lighted  up  at  a  point  of  the  firmament 
nearly  half  a  degree  from  the  concave  edge  of  the  crescent.  If 
the  disappearance  take  place  at  the  dark  edge  it  is  much  more 
striking,  the  star  appearing  to  *^  go  out "  of  itself  at  a  pofau  of 
tiie  sky  where  nothing  interferes  with  it. 

The  moon's  horizontal  parallax  amounting  to  nearly  twice  it^ 
diameter,  the  part  of  the  firmament  on  which  it  is  projected  and 
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which  is  its  apparent  place,  diflers  at  different  parts  of  the  earth. 

In  different  latitudes  the  moon,  therefore,  in  the  course  of  the 

n  onth,  appears  to  trarerse  different  zones  of  the  firmament,  and 

consequently  to  occult  different  stars.  Stars  which  are  occulted  in 

certain  latitudes  are  not  occulted  at  all  at  others,  and  of  those  which 

are  occulted,  the  durations  of  the  oceultation  and  the  momenta 

and  places  of  disappearance  and  reappearanoe  are  difierent. 

To  render  thb  more  intelligible,  let  n  s,  fig.  809.,  represent 

the  earth,  n  being  its  north,  and  s  its 

south  pole.      Let  m  nC  represent  the 

moon,  and  iM«  and  m'«  the  direction  of 

a  star  which  is  occulted  by  it.    It  must 

be  observed,  that  the  distance  of  the  star 

being  practically  infinite  compared  with 

the  diameter  of  the  moon,  the  lines  and 

HI*  and  m'^  are  paralleL  Let  these  lines 

be  supposed  to  be  continued  to  meet  the 

earth  at  /  and  Y.    Let  similar  lines^ 

parallel  to  these,   be  imagined   to   be 

drawn  through  aU  points  of  a  section  of 

the  moon  made  by  a  plane  at  right  angles 

to   the    direction  of  the   star   passing 

through  the  moon's  centre.    Sudi  lines 

would  form  a  cylindrical  surface,  the 

M  base  of  which  would  be  the  section  of 

the  moon,  and  it  would  be  intersected  by 

the  surface  of  the  earth,  a  portion  of 

which  would  be  included  within  it,  one 

Fig.  809.  jj^jf  ^f  which   is  represented   by  the 

darkly  shaded  part  of  the  earth  between  /  and  f.    It  is  clear 

that  the  star  will  be  occulted  by  the  moon  to  all  observers 

aituated  within  this  space. 

While  this  cylindrical  space  is  carried  by  the  moon's  orbital 
motion  from  west  to  east,  the  surface  of  the  earth  included 
between  the  parallels  of  latitude  In  and  V  n',  is  also  carried  from 
west  to  east,  but  much  more  rapidly,  by  the  diumnl  rotation,  so 
that  the  places  between  these  parallels  are  continually  over« 
taking  the  cylindrical  space  which  limits  the  oceultation. 

It  is  evident  that  beyond  /  n  and  H  n',  which  are  called  the 
^*  limiting  parallels,"  no  oceultation  can  take  place.  At  /  and  /' 
the  star  is  seen  just  to  touch  the  moon's  limb  without  being 
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oocultedy  but  within  those  limits  it  will  be  occulted.  The  middle 
parallel  o  6\  between  the  limiting  parallels,  is  that  at  which  a 
central  occultation  is  seen,  and  where  therefore  the  duration  ia 
greatest. 

The  occultation  may  be  seen  from  any  place  upon  the  earUi 
which  lies  within  the  shaded  zone,  and  vnUhe  seen  provided  the 
phenomenon  occur  during  the  night,  and  that  the  star  at  the  time 
be  above  the  horizon  at  such  an  altitude  as  to  render  the  event 
observable. 

In  the  Nautical  Almanack  these  "  limiting  parallels'*  for  every 
conspicuous  occulation  are  tabulated,  as  well  as  the  data  neces* 
sarj  to  enable  an  observer  at  any  proposed  latitude  to  ascer* 
tain  previously  whether  any  particular  occultation  will  be 
observable, 

2966«  Determmatian  of  longUude$  by  lunar  oceuUatian$.  •*— 
In  common  with  all  phenomena  which  can  be  exactly  predicted, 
and  whose  manifestation  is  instantaneous,  occultations  of  stars 
hj  the  moon  are  eminently  useful  for  the  exact  determination 
of  longitudes.  The  frequency  of  their  occurrence  greatly  in* 
creases  their  utility  in  this  respect,  and  although,  for  nautical 
purposes,  the  observer  cannot  always  choose  his  time  of  obser- 
vation,  and  therefore  cannot  be  left  dependent  on  them,  they 
«ome  in  aid  of  the  lunar  method  as  verifications ;  and  for  geo* 
graphical  purposes  on  land,  are  among  the  best  means  which 
science  has  supplied.  The.  times  of  the  disappearance  and  reap- 
pearance,  as  observed,  being  compared  with  the  Greenwich  times 
tabulated  in  the  Nautical  Almanack,  the  difference  of  the  longi* 
tudes  is  inferred  ai^er  app^ng  the  necessary  corrections. 
-  2967.  0cc9iUatwms  indicate  the  presence  or  absence  of  an 
utmosphere  around  the  occulting  body. — When  a  star  is  oc* 
Cttlted  by  the  disk  of  the  moon  or  planet,  its  brightness,  pre- 
TiOQ^y  to  its  disappearance,  would  be  more  or  less  dimmed  by 
Jtfae  atmosjdiere  surrounding  such  otgect,  if  it  existed.  Such 
ft  gradual  decrease  of  brightness  previously  to  disappearance, 
as  well  as  a  like  increase  of  brightness  after  reappearance,  is 
•observable  in  occultations  by  the  disks  of  planets,  but  never  by 
the  disk  of  the  moon. 

i  It  is  hence  inferred  that  the  planets  have,  and  the  moon  has 
not,,  an  atmosphere. 

'  It  might  be  objected  that  the  lunar  atmosphere  may  not  have^ 
sufficient  density  to  produce  any  sensible  diminution  of  bright- 
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Another  test  bas,  however,  been  found  in  the  effect  whkdi 
the  refraction  of  an  atmosphere  would  have  in  decreasing  the 
duration  of  an .  occultation  (248d.).  No  iuch  decrease  being 
observed,  it  is  inferred  that  no  atmosphere  exists  around  th^ 


2968.  Singular  visibility  of  a  star  after  the  commencement  of 
occultation.  ^-Some  observers,  of  sufficient  weight  and  authority 
to  command  general  confidence,  have  occasionally  witnessed  s 
phenomenon  in  occultations  which  has  been  hitherto  unex- 
plained. According  to  them,  it  sometimes  happens  that  after  the 
occulted  star  has  passed  bel^d  the  limb  of  the  moon  it  continues 
to  be  seen,  and  evfen  for  .a  considerable  time,  notwithstanding 
the  iactnal  interposition  of  the  body  of  the  moon.  J£  this  be  not 
an  optical  illusion,  and  if  the  visual  rays  actually  come  straight 
to  the  observer,  they  must  pass  through  a  deep  fisspre  in  the 
moon.  Such  a  supposition  is  compatible  with  the  rare,  and  ap- 
parently fortuitous,  occurrence  of  the  phenomenon. 

2969.  Suggested  application  of  lunar  occultations  to  resohe 
double  stars* — Sir  J.  Herschel  thinks  that  these  oocultaUoos 
would  supply  means  6f  ascertaining  the  double  character  of 
some  stars,  the  individuals  suspected  to  compose  which  ar^ 
too  close  together  to  .be  divided  by  any  telescope.  He  thinks, 
nevertheless,  that  tbey  might  disappear  in  perceptible  succession 
behind  the  edge  of  the  moon'a  disk.  It. does  not  sCenl  to  b|^ 
easy  to  conceive  how  such  an  effect  can  be  expected  in  a  case 
where  the  most  powerful  telescopes  have  failed  to  res<dve 
the  stars. 

2970.  Occultations  by  Saturn* s  rings, — In  the  case  of  stars 
occulted  by  Saturn's  rings,  a  reappearance  and  second  dis- 
appearance may  be  seen  in  the  open  space  between  the  ring 
and  the  planet.  It  has  been  afiirmed  also,  that  a  momentary 
reappearance  of  a  star,  in  the  space  which  intervenes  between 
the  rings,  has  been  witnessed.  This  observation  does  not, 
however,  seem  to  have  been  repeated,  notwithstanding  the 
recent  improvements  in  the  .  telescope,  and  the  increased 
number  of  observers.  The  passage  oi  the  planet,  in  a  favoui> 
able  phase  of  the  ring,  through  the  neighbourhood  of  the 
milky  way,^  which  is  so  thickly  strewed  .with  stars,  would  afford 
an  opportunity  of  testing  this,  and  might  also  supply  decisive 
evidence,  positive  or  negative,  upon  the  question  of  the*existence 
of  more  than  two  concentric  rings.     If  other  black  streak* 
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ieeii  upon  ttie  schrfkise  of  the  ring  be,  like  ^e  prin^ipiil  one, 
real  openings  between  a  miiHipU  system  of  rings,  the  stars 
sprinkled  in  such  ootmtless  numbers  over  the  regions  6f  the 
galaxj,  and  the  adjacent  parts  of  the  fif mameftt,  would  be  seen 
to  flash  between  ring  and  ring,  as  tbe  planet  passes  before 
them.  Such  obserrations,  however,  would  require  in  the 
telescope  the  very  highest  attainable  degree  of  optical  per- 
fection. 


CHAP.  XVIL 

TABULAB  SYNOPSIS  OP  THE  SOLAR  SYSTEM. 

2971.  Fianetaty  data. — Having  explained,  individually,  the 
circumstances  attending  the  physical  condition  and  motion  of 
the  bodies  of  the  system,  it  remains  to  bring  them  into  juxta- 
position, to  view  them  collectively,  and  to  supply,  in  tabulated 
forms,  those  nnmerical  data  which  at  any  given  time  determine 
their  positions  and  motions. 

Such  data  may  be  resolved  into  three  classes :  — 
L  Those  which  determine  the  orbit. 

II.  Those  which  det^mine  the  place  of  the  body  in  the  orbit. 
IIL  Those  which  determme  the  conditions  which  are   in- 
dependent of  the  orbit 

I.  Data  which  determine  the  form^  magnitude^  and  position 
of  the  orbits  ojf  the  planets, 

2972.  Form  of  the  orbit  determined  by  the  eccentricity, — It 
18  well  understood  (2606.)  that  the  form  of  an  ellipse  depends 
on  the  eccentricity,  all  ellipses  with  the  same  eccentricity, 
however  they  may  differ  in  magnitude,  having  the  same  form. 

Let  a  =  the  mean  distance,  c  =  the  distance  of  the  centre  of 
the  orbit  from  the  centre  of  the  sun,  and  e  =s  the  eccentricity. 
We  shall  then  have 

c  =  -,  c  =  a  X  «• 

a 

*  The  values  of  e,  in  the  eases  of  all  the  principal  planets. 
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Hercary  exo^tedy  are  less  than  -^    In  the  case  of  Mercury,  it 
18  about  ^  and  in  the  krger  planets  ■^. 

In  the  case  of  the  planetoids,  the  eccentricities  are  subject  to 
great  and  exceptional  rariation,  amounting  in  one  case  to  ^ 
and  in  others  being  knr  than  -^ 

2973.  Magnitude  dtitmrmmed  by  $emi»cud$  major. — As  the 
eccentricity  determines  the  form,  the  semi-axis  determines  the* 
magnitude,  of  the  orbit.  This  quantity  forms  in  other  respecta 
a  very  important  planetary  element,  since  upon  it  is  dependent 
also,  by  the  Harmonic  law,  the  periodic  time,  and,  consequently, 
the  mean  angular  and  mean  linear  velocity  in  the  orbit. 

2974.  PoiUion  of  the  plane  of  the  orbit — The  plane  of  the 
orbit  must  always  pass  through  the  centre  of  the  sun,  which  is 
therefore  the  common  point  at  which  the  planes  of  all  the 
planetary  orbits  intersect.  But  to  define  the  position  of  the 
plane  of  any  orbit  something  more  is  necessary.  If  the  plane 
of  the  earth's  orbit  be  provisionally  assumed  as  a  fixed  plane, 
(which  however  it  is  not,  as  will  appear  hereafter),  the  poutiona 
of  the  planes  of  the  orbits  of  the  pUutets,  severally,  with  relation 
to  it,  will  be  determined,  1st,  by  the  angle  at  which  they  intersect 
it,  and,  2ndly,  by  the  direction  of  the  line  of  intersection. 

2975.  Inclinations  of  the  orbits. — The  angles  which  the> 
planes  of  planets'  orbits  form  with  the  plane  of  the  ecliptic 
are  generally  less  than  3^«  Of  the  principal  planets.  Mercury 
fbrms  an  exception  to  this;  having  an  inclination  of  7^  The 
planetoids  are  also  exceptional,  the  orbit  of  one  having  an 
inclination  of  34^^;  the  inclinations  of  the  others  varying 
between  16''  and  T. 

2976.  Line  of  nodes. — The  inclination  is  not  enough  to 
<letermine  the  position  of  the  plane  of  the  orbit,  for  it  is  evident 
that  an  infinite  variety  of  different  planes  may  be  inclined  at 
the  same  angle  to  the  ediptic  If,  however,  the  direction  of 
tiie  line  of  intersection  of  the  plane  of  the  orbit  with  the  plane 
of  the  ecliptic  (which  line  must  always  pass  through  the  centre 
of  the  sun)  be  also  defined,  the  position  of  the  plane  of  the 
orbit  will  be  determined.  This  line  of  intersection  is  called 
the  line  ofnodes^  being  the  direction  in  which  the  nodes  of  the 
planet's  orbit  are  seen  from  the  sun.  If  an  observer  be 
imagined  to  be  stationed  at  the  centre  of  the  sun,  he  will  be  in 
this  line,  and  the  nodes  will  be  viewed  by  him  in  opposite 
directions  along  this  line,  the  ascending  node  (2625.)   being 
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viewed  in  one  direction,  and  the  descendbg  node  in  the 
other. 

2977-  Longitude  of  ascending  nocfe.—- It  has  been  customary 
to  define  the  direction  of  the  line  of  nodes  hj  the  angle  which 
the  direction  of  the  ascending  node,  seen  from  the  sun,  makes 
■with  the  direction  of  the  **  first  point  of  Aries,"  or,  what  is  the 
same,  by  its  heKocentric  longitude. 

The  position  of  the  plane  of  the  orbit  is,  therefore,  determined 
by  its  inclination  and  the  longitude  of  the  ascending  node^ 

2978.  Longitude  of  perihelion. — These  data,  however,  are 
Btill  insufficient  to  determine  the  position  of  the  orbit  They 
would  be  sufficient  if  the  orbit  were  circular,  since  a  circle  is 
symmetrical  witli  relation  to  its  centre.  But  the  orbit  being 
an  ellipse,  the  major  axis  may  have  an  infinite  variety  of 
different  directions,  all  of  which  shall  pass  through  the  sun's 
centre,  and  all  of  which  shall  be  in  the  same  plane.  After 
defining,  therefore,  the  position  of  the  plane  of  the  orbit,  it  is 
necessary  to  determine  the  position  of  the  orbit  upon  that 
plane,  and  this  is  determined  by  the  direction  of  its  major  axis, 
just  as  the  plane  itself  was  determined  by  the  direction  of  the 
line  of  nodes,  and  as  the  latter  was  determined  by  the  helio* 
centric  longitude  of  the  ascending  node;  the  position  of  the 
orbit  upon  its  plane  is  cteteruiined  by  the  heliocentric  longitude 
of  perihelion  (2608). 

2979.  Five  elements  which  determine  the  orbit. — The  orbit 
of  a  planet  is,  therefore,  determined,  in  form,  magnitude,  and 
position,    by  the  five  following  data,  which  are  called  its 

JLLEUESTS:  — 

1.  The  semi-axis,  or  mean  distance  -  *  a 

2.  The  eccentricity  -  -  -  -  € 

3.  The  inclination  •  -  •  -  » 

4.  The  longitude  of  the  ascending  node  -  •  v 
6.  The  longitude  of  perihelion     •  ^  •  ir 

The  eccentricity  is  sometimes  expressed  by  the  angle  ^  of 
ivhich  e  is  the  sine,  which  is  called  the  *^  angle  of  eccentricity." 

2980.  Elements  subject  to  slow  variation — Epoch. — If  the 
elements  of  the  orbit  were  invariable,  they  would  be  always 
known  when  once  ascertained.  But  it  will  appear  hereafter, 
that  although  for  short  intervals  of  time  they  may,  without 
sensible  error,  be  regarded  as  constant,  some  of  them  are 
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TABLE  L 

' 

Data  which  determine  the  magnitade,  form 

P1«MC 

8|pu 

i«Bl-asi^ 

BooMirteHj. 

m 

• 

4 

MERCURY       - 

? 

0-887e985 

0-2056061 

/ 
61 

60 

ySNUS  ... 

? 

O'TttSSI? 

0-0061618 

23 

30 

EARTH-          f 

e 

loooeeto 

0H>1679226 

67 

60 

MARS     ^          ... 

cJ 

1MM»1 

OHISttiaB 

20 

10 

PLANKTOIMt 

.    Flow- 

^ 

«-aoiw 

0*1567974 

i 

16*0 

M..,o-»,-.          . 

i 

S*a967U 

0*2159123 

28 

6 

VlctorU(ClIo)]        - 

«^ 

s*s»on 

0*2181980 

36 

1»2 

•    TlMtto 

r:^ 

S*3«31M 

0*0464569 

24 

89*88 

Vetta  -          . 

a 

2861702 

0*0888410 

6 

56-6 

MasMlia 

2979851 

0*1338916 

41 

40 

Iris     . 

a 

2*38»10 

0*2323515 

26 

16*2 

'    MetU  . 

<5> 

2-886»7 

0*I2282il 

1 

26-4 

Hebe  . 

9 

2*425368 

0*20J0077 

38 

44-4 

Fortuna 

i 

2-445902 

0-1555438 

3 

55*67 

Partbenope    - 

*. 

2-448C97 

00&S302 

43 

270 

Astrsa 

9 

2-577400 

0-1887817 

62 

47*8 

/    Irene.. 

* 

2*581951 

0*1697575 

46 

20 

Egeria 

0 

2*582492 

0*0862748 

67 

0 

LuteUa 

2*604770 

0-3398105 

52 

0 

Eanomla 

* 

2*650918 

0*1898392 

47 

29*24 

Jano  . 

f 

2*669095 

0*2660780 

60 

34*3 

Cere.  - 

<^ 

2*766921 

0*0768660 

27 

18*3 

PalUt 

$ 

2*772896 

0*2394280 

49 

16*7 

Psyche 

^ 

2*932951 

0*1309378 

81 

20 

Hyg^la 

4' 

3*151388 

0*1009159 

47 

30*9 

.     Calliope 

? 

? 

— 

— 

Thalia 

? 

? 

— 

— 

Phocea  •        -          - 

? 

? 

— 

-. 

JUPITER 

It 

5*202767 

0-0481621 

45 

40 

SATURN 

^ 

9*638850 

0-0661506 

13 

8 

VRANUS 

¥ 

191824 

0*0466 

40 

16 

NEPTUNE       -      .    . 

^ 

30-04 

0*0087196 

29 

68*6 

*  This  pUnetold  was 
aodidKHU  the 


disoorered  on  the  6th  of  April,  1863  (sfaice  p.  827.  of  this  Tolome 
same  day  another  was  discovered  by  M.  Gasparis  at  Naples. 
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TABLE  L 
and  position  of  the  Planetary  Orbits. 


Xnelinatloii. 

awSSl^ode. 

"^^^ 

Epoch. 

1 

» 

w 

M.  T.  Parti. 

/ 

» 

o 

/ 

// 

o 

, 

n 

0 

5 

45 

67 

38 

74 

20 

43 

1  January,  1800. 

s 

29 

74 

51 

41 

138 

43 

6 

♦» 

0 

0 

0 

0 

0 

99 

30 

29 

»» 

51 

6 

47 

69 

38 

333 

22 

61 

»» 

53 

3 

110 

30 

53 

32 

49 

45 

840  March.  1868. 

10 

38 

149 

54 

23 

15 

35 

63 

10-0  July.  1862. 

23 

7 

335 

89 

31 

301 

55 

18 

0*0  Janoary,  1851. 

43 

33 

128 

6 

60 

271 

25 

26 

10  May.  1852. 

6 

25 

105 

28 

14 

250 

44 

3 

50 

16 

303 

30 

3 

144 

1 

49 

0-0  October,  1852. 

28 

16 

350 

44 

6 

41 

20 

22 

8-0  June,  1852. 

35 

55 

68 

28 

68 

71 

33 

11 

4*0  June,  1852. 

46 

33 

138 

31 

65 

15 

15 

26 

13-0  July.  1852. 

S3 

18 

211 

0 

9 

31 

16 

13 

23-5  September,  1853. 

36 

54 

134 

69 

54 

317 

3 

51 

13^0  July,  1853. 

19 

33 

141 

37 

48 

135 

43 

S3 

89-5  April.  1861. 

5 

83 

66 

51 

33 

178 

86 

68 

18-0  Joly.  1862. 

16 

83 

7 

48 

17 

40 

118 

17 

17 

1^0  March,  1852. 

19 

«-9 

78 

38 

43-4 

309 

63 

10-4 

0-0  Dec.1852,  M.  T. 

Ber. 
18*0  October,  1852. 

11 

43 

50 

293 

53 

19 

27 

13 

24 

13 

3 

17 

170 

66 

28 

64 

18 

55 

240  September,  1852. 

10 

37 

12 

80 

49 

50 

148 

3 

54 

2-0  July.  1862. 

84 

37 

30 

173 

45 

14 

121 

34 

11 

2-0  July.  1852. 

3 

37 

150 

36 

43 

11 

28 

9 

81-0  March.  1862. 

47 

It 

967 

38 

27 

318 

8 

29 

S8-5  September,  1851. 

- 

- 

? 

- 

- 

? 

- 

- 

- 

- 

? 

— 

- 

? 

- 

- 

— 

- 

? 

^ 

— 

? 

— 

— 

18 

59 

98 

35 

45 

11 

7 

38 

1  January.  1800. 

» 

36 

HI 

56 

7 

» 

8 

90 

f* 

46 

88 

73 

69 

31 

167 

SO 

94 

It 

46 

19 

130 

• 

n 

m 

14 

37 

w 

waa  printed),  bj  M.  Chacomac  (the  dltcoverer  of  Maatalia), 
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subject  to  slow  yariationSy  which,  after  long  intervals,  such,  for 
example,  as  centuries,  completely  change  the  orbits.  These 
yariations  have  been  calculated  with  surprising  precision,  and 
are,  moreover,  found  to  be  periodical,  idthough  their  periods 
are  in  general  of  such  magnitude,  as  to  surpass  not  only  the 
limits  of  human  life,  but  those  of  all  human  record. 

Since,  therefore,  the  planetary  orbits  are  thus  subject  to  a 
slow  but  constant  change,  it  is  necessary  in  assigning  their 
elements,  to  assign  also  the  date  at  which  the  orbits  had  these 
elements.  When  the  rates  at  which  the  elements  severally 
vary  are  known,  their  values  at  any  assigned  date  being  given, 
their  values  at  any  other  date,  anterior  or  posterior,  can  be 
determined. 

The  date  at  which  the  elements  of  the  orbits  have  had  the 
values  assigned  to  them  is  technically  called  the  epoch. 

2981.  Table  of  the  elements  of  the  orbits, — In  the  preceding 
table  are  given  the  elements  of  the  planetary  orbits,  severally, 
at  the  epochs  assigned  in  the  last  column.  Those  of  the  more 
recently  discovered  planets  must  be  regarded  as  provisional, 
and  subject  to  such  corrections  as  future  observations  may 
suggest 

The  elements  are  taken  from  the  tables  published  by  the 
French  Board  of  Longitude,  with  the  exception  of  those  of  the 
recently  discovered  planetoid  lutetia,  the  elements  of  which 
are  given,  provisionally,  from  those  c^culated  by  M.  George 
Rnmker,  Jun.,  of  Hamburg.  (Comptes  Bendus  de  I'Acad.  des 
Sc  t.  XXXV.  p.  810.) 

To  illustrate  the  relative  mean  distances  of  the  planets  from 
the  sun,  and  from  each  other,  we  have  delineated,  nearly  in 
their  proper  proportions,  the  mean  distances  of  the  principal 
planets,  and  the  planetoids  or  asteroids,  in^.  810. 


n.  Data  to  determine  the  place  of  the  planet 

2982.  By  the  epoch  and  the  mean  daily  motion,  —  The  orbit 
being  defined  in  magnitude,  form,  and  position,  it  is  necessary 
to  supply  the  data  by  which  the  position  of  the  planet  in  it  at 
any  assigned  time  may  be  found.  It  will  be  sufficient  for  this 
to  assign  the  position  which  the  planet  had  at  the  epoch,  and 
the  periodic  time,  from  which  the  mean  daily  motion  of  the 
planet  can  be  inferred.    By  means  of  this  motion,  the  mean 
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Fig.  810. 


place  of  the  planet  for  any  given  time 
anterior  or  posterior  to  the  epoch  can  be 
determined. 

2983.  The  equation  of  the  centre, — 
To  find  the  true  place  of  the  planet  a 
further  correction,  however,  is  necessary. 
The  angular  velocity  of  the  planet  referred 
to  the  sun  is  not  uniform,  being  greatest 
at  perihelion  and  least  at  aphelion.  The 
difference  between  the  position  which  the* 
planet  would  have,  as  seen  from  the  sun, 
if  its  angular  motion  were  uniform  and 
that  which  it  actually  has,  is  called  the 
"  equation  of  the  centre,"  and  tables  are 
computed  by  which  this  correction  for' 
each  planet  may  be  made,  so  that,  the 
mean  place  of  the  planet  in  its  orbit 
being  determined^  the  true  place  may  be 
found. 

2984.  Table  of  the  data  necessary  to 
determine  the  place  of  the  planet. — In  the 
following  table  are  given  the  data  which 
are  necessary  to  determine  the  mean  place 
of  each  of  the  planets  for  any  given  time. 
In  the  first  column  is  given  the  mean 
longitude  of  the  planet  at  the  epoch  as- 
signed in  Table  L^  and  in  the  second 
column  is  given  the  mean  daily  increment 
of  heliocentric  longitude. 

The  SIDEREAL  FEBiOD,  or  the  time 
which  the  planet  takes  to  make  a  complete 
revolution  round  the  sun,  is  given  in  days 
and  years  in  the  third  and  fourth  columns. 

If  the  equinoctial  points  were  fixed,  the 
sidereal  period  would  be  equal  to  the  in- 
terval between  two  successive  returns  of 
the  planet  to  the  same  equinoctial  point. 
But  the  equinoctial  points  are  subject,  as 
will  appear  hereafter,  to  a  very  slow  re- 
trograde motion,  in  virtue  of  which  the 
first  point  of  Aries,  from  which  right 
ascensions  and  longitudes  are  measured, 
t6 
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moves  annually  from  the  east  to  west  upon  the  ecliptic  through 
a  space  a  little  less  than  a  degree.  A  planet^  therefore,  de- 
parting from  the  vernal  equinoctial  point,  and  moving  constantly 
from  west  to  east,  will  return  to  that  point  before  it  completes 
its  revolution,  inasmuch  as  that  point  moving,  in  the  contrary 
direction  meets  it  before  its  return  to  the  poinf  of  departore. 

It  follows  from  this,  that  the  interval  betweeit  two  suooessive 
returns  to  the  vernal  equinoctial  point  is  a  little  less  than  tbe 
sidereal  period.  This  interval  is  called  the  eqmmoctUU  period, 
and  is  given  in  the  fifth  column  of  Table  II. 

The  synodic  period  is  given  in  the  last  cola 


TABLE  IL 

Data  which  determme  the  places  of  the  Flaaets  in  their  respecCiva  Orbitf  it 
a  given  tioae. 


^«:- 

iJSSL 

Nilod. 

Nam*. 

. 

« 

h 

Sldend. 

^    .  _  .^ 

SfMdie. 

■VdaMOaL 

MERCURY 

o 

no 

13 

18 

14732^419 

87-96926 

'T5£ 

fl^loM 

fflfc 

VENUS    - 

146 

44 

56 

5767-668 

224-70080 

0-6152 

224-6965 

Stt-92 

EARTH  - 

100 

53 

80 

3648-193 

366-/S637 

i-oooo 

865-242266 

MAKS       - 

S33 

5 

34 

1886-518 

686-97964 

1-8807 

ftM-9297 

77»^ 

Planctoids: 

[ 

Flora    - 

174 

46 

6 

10860790 

1193-281 

8-2068 

W3 

Melpomene     - 

302 

14 

20 

I020-07OH 

1270-498 

8-4785 

m^ 

Victoria  (Clio) 

7 

42 

5 

994-4325 

1303-255 

85680 

W-5 

ThrtU  - 

199 

3 

37 

989-2240 

1310-116 

8-5870 

608-0 

Ve8U   - 

35 

59 

53 

977-6178 

1325-669 

»6290 

60«-2 

MMulia 

13 

17 

36 

968-8970 

1337-601 

8-6620 

•  8(n-o 

Iris       - 

8S 

45 

6 

9631396 

1345-600 

8-6B37 

mx-z 

Metis    - 

25o 

13 

26 

962-1801 

1346-9400 

8-etto 

801-2 
S-8 

Hebe    - 

47 

26 

23 

9393772 

1379-635 

87770 

Fortuna 

356 

4 

21 

927-6728 

1897-192 

»-8260 

Parthenope     - 

86 

3 

24 

926-8257 

1399-074 

8-8300 

Astraea  - 

197 

37 

33 

867-4996 

1511-369 

4-I38D 

481-6 

Irene    - 

323 

47 

51 

855-2837 

1515-378 

4-1490 

491-6 

Egeria  - 

168 

29 

20 

864-9642 

1515-860 

4-1603 

481-5 

Luietia 

61 

29 

233 

8440179 

1585-6 

4-2040 

479-0 

Eunomia 

47 

43 

44 

1676  493 

4-816) 

476-6 

Juno     - 

22 

25 

8 

813-6926 

1592-786 

4-8550 

4tS*8 

Ceres    - 

145 

10 

55 

770-9242 

1681-093 

4-5995 

468*3 

Pallat  - 

123 

49 

27 

768-6413 

1686-069 

4*6^0 

4681 

Psyche  - 

149 

21 

19 

706-8977 

1834-658 

6-0i30 

488-0 

ciflope"          r 

356 

? 

46 

31 

684-2404 

? 

2043-886. 

? 

6-5942 
? 

444-7 
? 

Thalia-          . 

f 

_ 

.. 

? 

? 

? 

? 

Phocea 

JUPITER 

81 

54 

49 

298-989 

4332-58480 

u-ss 

4880-<H06 

898-8 

SATURN 

123 

6 

29 

120-436 

10739-2198 

29-46 

10746-7S24 

378-0 

URANUS 
NEPTUNE 

173 

30 

37 

42-233 

30686-8205 

:  84-01 

30589-8678 

869-7 

336       8 

68 

21-664 

60127-  . 

164-63 

S974» 

m-b 
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2986.  Table  of  extreme  and  mean  distances  from  sun  and 
earth. — ^In  Table  L,  the  mean  distances  a  of  the  several  planets 
from  the  sun  are  expressed  in  numbers,  of  which  the  earth's 
mean  distance  is  the  unit.  It  is  necessary,  however,  to  compute 
the  actual  mean  distances  in  some  known  units,  such  as  miles. 
To  obtain  these  it  is  only  necessary  to  multiply  the  actual  mean 
distances  of  the  earth  in  miles  by  the  numbers  in  the  column  a 
of  Table  I. 

It  is  also  necessary  to  assign  the  actual  limits  of  the  varying 
distances  of  the  planets  as  well  from  the  earth  as  from  the  sun. 
These  are  easily  determined  by  the  data  in  Table  I. 

2986.  Perihelion  and  aphelion  distances,  —  Let  the  extreme 
and  mean  distances  of  the  earth  from  the  sun,  expressed  in 
millions  of  miles,  be 

d  =  mean  distance 
d^=.  least  distance 
d"=z  greatest  distance : 

we  shall  then  have,  according  to  what  has  been  already  explained 
Iknd  proved, 

cf  =  95    d'=  95  X  (1  — e)    d!'=^  95  x  (1  +e), 

ihe  value  of  e  in  the  case  of  the  earth  being  0*01679226. 

Let  the  mean  and  extreme  distances  of  a  planet  from  the  sun 
be  in  like  manner  expressed  by  d,  t>\  d''  in  million  of  miles,  and 
we  shall  have 

D  =  95  a    D'ra  95  tf  X  (1  -e)    d"=  95  a  x  (1  +e). 

.   The  distance  s  of  a  planet  from  the  earth  at  superior  con- 
junction being  equal  to  the  sum  of  the  distances  of  the  eartk 
-  and  planet  from  the  sun,  we  shall  have 

8  s  D  +  ^* 

This  will  vary,  because  the  distances  from  the  sun  vary.  It 
will  be  greatest  when  the  earth  and  planet  are  both  in  aphelion, 
and  least  when  they  are  both  in  perihelion.  If  s^^,  therefore, 
express  the  greatest,  and  s''  the  least  possible,  distance  of  the 
planet  when  in  conjunction,  the  mean  being  expressed  by  8,  we 
shall  have 

The  distance  of  an  inferior  planet  from  the  earth,  when  in 
inferior   coig  unction,   is   found   by   subtracting  the   planet's 
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distance  from  the  sun  from  the  earth's  distance.  If  o  express 
the  mean  distance  of  the  pknet  in  inferior  conjunction  from  the 
earth,  we  shall  have 

The  distance  will  vary  according  to  the  relative  positions  of 
the  axes  of  the  elliptic  orbits,  and  will  evidently  be  greatest 
when  the  earth  is  in  aphelion  and  the  planet  in  perihelion,  and 
least  when  the  earth  is  in  perihelion  and  the  planet  in  aphelion. 
If  o"  and  o'  then  express,  as  before,  the  greatest  and  least 
possible  distances  of  the  planet  in  inferior  conjunction,  we 
shall  have 

The  distance  of  a  superior  planet  in  opposition  is  found  by 
subtracting  the  earth's  distance  from  the  planet^s  distance ;  and 
it  may  in  like  manner  be  shown  that  the  mean  and  extreme 
distances  of  the  planet  in  opposition  from  the  earth  will  be 

In  the  following  table  the  mean  and  extreme  distances  of  the 
planets  successively  from  the  sun  and  earth  are  given  as  com- 
puted by  these  several  formulae.  The  method  of  computation 
is  indicated  at  the  head  of  each  column.  (See  Table  top  of  next 
page.) 

HI*  Conditions  affecting  the  physical  and  mechanical  state  of 
the  planet  independently  of  its  orhiL 

2987.  In  the  preceding  chapters  we  have  explained  and  il- 
lustrated the  methods  by  which  the  real  magnitudes,  masses, 
densities,  diurnal  rotation,  oblateness,  and  superficial  gravity  of 
the  planets  are  severally  determined.  These  data  and  some 
others  are  brought  together  and  arranged  in  juxtaposition,, 
being  expressed  numerically,  with  relation  to  the  most  gene- 
rally useful  units  in  the  Table  IV. 

The  methods  of  computing  many  of  the  quantities  and  mag- 
nitudes given  in  the  several  columns  of  Table  IV.  have 
been  already  explained.  Some  of  them,  however,  require 
further  elucidation. 

2988.  Method  of  computing  the  extreme  and  mean  apparent 
diameters.  —  The  real  diameters  I  being  ascertained  by  the 
methods  expkined  in  (2299.),  the  extreme  variation  of  the 
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TABLE  in. 
Diitances  from  the  Sun  and  from  the  Earth  in  millions  of  Miles^ 


Num. 

XMMMcctkom  JButb. 

. 

At  rapMlar  C<Mj«Bcckm. 

^*«55isr^ 

OlMtWt. 

LMrt. 

Mmo. 

Gntfwt. 

LmMt. 

Mma. 

UlWlMt. 

Urn. 

Mmii. 

DM 

jy 

D 

8^ 

8' 

8 

O" 

O* 

O 

Il>«) 

s9te 

a9te 

s  D-'+i" 

■.I>'  +  ^ 

-D  +  rf 

or 

«r 

or 
mD-d 

MERCURY 

44-3S 

29-32 

16-77 

140-91 

122-73 

18I-n 

67-27 

49-09 

68*28 

VBNU8   - 

C»-18 

68-24 

6^-71 

166-77 

161-65 

163  77 

98-35 

24-23 

26*99 

EARTH  - 

M-59 

93-41 

95-00 

MARS      - 

lftS-24 

181-26 

144-76 

254-88 

224  67 

239-77 

64-88 

84*67 

49*76 

Planbtoim: 

Flora   - 

ilfib 

205-89 

20917 

309*04 

290-30 

804-77 

119-04 

109-30 

114-17 

aw- 17 

170-99 

21H-08 

»>l-76 

264-40 

813-77 

177-76 

74-40 

128-08 

VIctorU  (Clio) 

aio-ii 

173  45 

221-82 

366-80 

266-86 

816  77 

17(i-80 

76-86 

I26-S2 

Th«tli  - 

«32M 

212^8 

222-61 

829-53 

306-69 

817-77 

189-53 

115-69 

127-61 

Vesu   - 

344-38 

204-44 

224-36 

840-H7 

297-85 

819-77 

160-87 

H7-85 

129-86 

MasMlU 

355-l>3 

195-49 

226-71 

352-52 

288-90 

820-n 

l6-i-52 

98-90 

180-71 

IrU       - 

V9':tb 

l73-!»7 

226-61 

376  84 

267-88 

321-77 

125-84 

77-38 

131-61 

Metli    - 

a.M-61 

198-91 

2-26-76 

351-20 

S92-82 

321-77 

161-20 

102  32 

131-76 

Hebe    - 

a76-87 

lH3-!<3 

230-42 

373-46 

277-84 

325  77 

183  46 

87-34 

135-42 

Fortuiu 

a68-60 

196-21 

232-87 

365-09 

289-65 

327-77 

175-<  9 

99-66 

187*37 

Parthenope     - 

265-36 

209-7H 

232-57 

851-95 

303-19 

327  77 

161-95 

I13I9 

187*67 

Attr»a 

891-17 

198-76 

244  96 

887-76 

29216 

389  77 

li»7-7a 

102  16 

149*96 

Irene    - 

286-90 

203-66 

245-28 

383-49 

297-07 

340-77 

193-49 

107-07 

150*28 

Bgeria  • 

266-51 

224-17 

245-34 

363  10 

317-68 

340-77 

173*  10 

107-68 

150*84 

Lutetia 

831-54 

l<.3-:m 

247-46 

828-16 

26*i-79 

842-77 

2:18-18 

flr,-79 

152*46 

Runomia 

299-61 

204-17 

261-84 

306-10 

lr97-:'8 

346-77 

206-10 

h  7-58 

156-84 

Juno    - 

318-48 

18VG6 

253-67 

415-07 

28-i-07 

248-77 

22.V07 

92-f/7 

158*57 

Ceret    - 

282-94 

242-78 

262-811 

879-53 

830-19 

35777 

189-53 

146-19 

167-86 

Pallas  - 

3-J6-49 

200-37 

263-48 

42.i-0K 

298-78 

358-n 

233^08 

103-78 

16H-48 

Psyche 

81510 

242-16 

278-63 

411-69 

38.%-67 

373-77 

221-69 

145-57 

185-68 

clSS^      - 

329-60 
? 

2fi9-l8 
? 

299-39 
? 

426*19 

362-69 

304-77 

23&I9 

172-60 

204-89 

ThalU- 

? 

? 

? 

Phocea. 

JUPITER 
SATURN 

618K» 

470-45 

494-« 

614-68 

563  86 

689-77 

424'G8 

873-86 

899-27 

960-18 

853-20 

90619 

1066-77 

946-61 

1001-77 

865-n 

*756-6l 

811-19 

URANU« 

1907-25 

1737-41 

1822-83 

2003-84 

lH8'>-82 

1917-77 

18I3-H4  t  1640-82 

17-27-88 

NEPTUNE 

2878-89 

28.29-11 

286400 

2976-48 

-^947-41 

2949-77 

2785-48 

2732-32 

2769-00 

apparent  diameter  may  be  found  from  a  comparison  of  the  real 
diameter  with  the  extreme  and  mean  distances  J>'\  d'^  d  given 
in  Table  III.     We  have  thus  (2294.) 

a''=  4  X  206265,     o'=  ^  X  206265,     o  =  -  x  206265. 

2989.  Surfaces  and  volumes, — The  surface  of  the  earth 
eonsists  of  197  millions  of  square  miles,  and  its  volume  of 
259,800  millions  of  cubic  miles.  Let  these  numbers  be  ex- 
pressed respectively  by  ¥f  and  Ef\    Since,  then^  the  surfaces  of 
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TABLE  IV. 
Data  affecting  the  Planet,  which  are  independent  of  its  Orbit. 


Sutew. 

Votamau 

1. 

MOM. 

OrMtMt 

IM 

If  Ml 

Btfth'kB 

1. 

MUUOM 

Bvtb'^Kl 

BUU«M 
Cnblo 
HUM. 

•" 

SB 

m 
m 

A" 

«* 

A 

S 

i 

4 

A*wBA* 

♦•aA'XE' 

ySg?"! 

-X«0W6d 

j;.Xt0W64 

•x»6«S5 

AS 

Ai'XE^ 

0-37S 

t,wo 

lt-4 

4-S 

8*4 

0-130 

8-734 

0K»I9 

0-01S8 

O'VM 

7,800 

M-4 

6-3 

96*4 

0-978 

in-sio 

0.958 

0^9 

BARTH     - 

1-000 

7,91% 

i-ooo 

J9-66I) 

I-OOO 

0-88D 

MAR8 

0*5  IS 

4,I0U 

14-4 

S-S 

14*0 

0-868 

5««l 

0-139 

0il36 

JUPITBR. 

11-lNO 

M.0IO 

4»i-9 

30O 

ir> 

185-OiW 

f45A-.\30 

IS97-400 

SOS-WO 

SATURN  . 

0-AOl 

76,1  KJO 

80-5 

14*6 

t7-6 

WtM 

1775-000 

837-400 

883-000 

URANUtf . 

4-360 

34,500 

4-S 

3-5 

31» 

I9-«M*. 

873-660 

8X900 

81-ASO 

Er" 

4-740 

37rWO 

«•« 

t-6 

T7 

88-46I1 

441-700 

107-800 

87-80O 

1I1-4M 

UifiOO 

1947-6 

1S83'3 

1915*5 

184IOH)00 

844066-OnO 

I384333-O0O 

3S9985-0« 

.O^lt 

1MM 

19«r5 

1776-5 

1873-7 

o-o;4 

1-456 

0-090 

O-DOit 

MBBCURT 


VBNU8 

EARTH 

MARS 

JUPl^BR 

SATURN 

URANUS 

NBPTUNE 

SUN 

MOON 


2"* 
854^36 


0-178 
0-885 

1-000 
0-189 
S38-478 
101*066 
14*965 
18*900 
.  154986-000 
0-0185 


WtiblO 


4U1811 
1 

KiSSk 
I 


msssf 


1U48-70 

1 

I 

81900 

1 


Triinam 
Tom. 


A'^X6069 


613:^00 
86505 
114700 


Buth's 
I. 


3-45 

0-98 
1-00 
0*95 
0-84 
0-18 
0*17 
0*17 
0*86 
0*68 


WaMfi 


rxT-67 


19-56 
6-88 
5-6T 
8« 
1-36 
0*68 
0-97 
0*97 
1*47 
3*5t 


of  Sun. 


B«rth 
1. 


8-580 
1-380 
1*000 
0-656 
nrl9t 
J*I05 
9*058 
9-033 


4947 
8647 
1915 
.1856 
868 
901 
100 
64 


HolM 
Uitht 


6-6: 
1-91 
1*0C 
0-48 
0*037 
0-011 
0*003 
0*001 


84 
83 
83 
84 

9 
10 

9 
? 
607 
1-00  155 


ofAitoto 
OrUu 
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^-f — 

Bnpcrildal 

OrUtal  Vdodty. 

VetoertTcf 
Rotation 

Eq^tor. 

OraThatioB 
«raardi8iin. 

Eanh's 
=  1. 

Pall  Pcet 

in 
I  SMond. 

Earth'* 
at. 

V 
T 
Va 

Mile* 

Fett 

SeSLl. 

Milaa 

JZ. 

Peat 

Tcrra»I 
OraTlty 

Fall 

'ISA.' 

MERCURY 

A'" 

f^W-08 

VXM800 

r 

V 
4X3-M15 

9' 

O 

1610Xa* 

191-960XO 

'^^seo 

t 

0-50 

8-04 

1-60 

110715 

161400 

370 

543 

1 

791* 

VENUS 

0^ 

14*63 

1*1 

81000 

118800 

1050 

1540 

1 

117 

EARTH 

l-OO 

16-08 

1-00 

68890 

101066 

1040 

1515 

1 

16^ 

119 

MARS 

054 

8-01 

0*81 

53611 

81860 

513 

768 

1 

51 

S*6« 

89*40 

0*44 

30103 

44197 

18118 

41165 

1 

440X0 

4*4 

AATURN 

11* 

18*00 

0-32 

81306 

31715 

11440 

81910 

1 

1*3 

»-i;ji3u 

URANUS 

0'75 

1203 

0-88 

15730 

13070 

11410 

16735 

I 

0*313 

6iMl«U 

NEPTUNE 

0-M 

13M 

0-18 

11570 

18435 

? 

? 

1 

0-lSl 

1467333 

SUN 

Wis 

45»*47 

- 

•- 

- 

4684 

66M 

- 

- 

MOON 

0-169 

8*7« 

0-0S3 

1165 

3338 

10-3 

1511 

1 
l««6 

119 

Spheres  are  as  the  squares,  and  their  volumes  as  the  cubes,  of 
their  diameters,  if  A'  express  the  surface  and  A''  the  volume  of 
a  planet  related  to  those  of  the  earth  as  an  unit,  and  l^  the 
surface  in  millions  of  square  miles,  and  S'^the  volume  in  billions 
of  cubic  miles,  we  shall  have 

A'=A^  A''=A3 

a'  =  A'  X  E'         a''=  A''  X  E'\ 

2990.  The  masses. — The  masses  of  the  planets  in  relation  to 
the  sun  being  ascertained  by  the  several  methods  explained  in 
(2633),  et  seq.,  and  the  ratio  of  that  of  the  sun  to  the  earth 
being  ascertained  to  be  354936  to  1,  let  A'"  express  the  mass 
related  to  that  of  the  earth,  and  S"'  to  that  of  the  sun  as  the 
unit     We  shall  then  have 

A'"=r ± 

354936* 
By  which  A''"  may  be  inferred  from  S'". 
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The  actual  weight  of  the  earth  in  trillions  of  tons  being  6069 
(2394.),  let  tlie  weight  of  any  other  mass  in  trillions  of  tons  be 
2%  and  we  shall  have 

y"=A'"x6069. 

2991.  TAedeniitieS' — The  mean  densities  being  the  quotients 

obtained  by  dividing  the  volumes  by  the  masses,  and  the  mean 

density  of  the  earth  related  to  that  of  water  as  the  unit  being 

6*67  (2393.),  let  the  mean  density  of  any  of  the  other  bodies 

related  to  that  of  the  earth  as  the  unit  be  Xy  and  related  to  water 

j/,  and  we  shall  have 

A'" 
a?:* -77  «'  =  aJx5-67. 

A 

2992.  Certain  data  not  exactly  ascertained, — ^It  will  be  use- 
ful to  observe  that  in  the  determination  of  several  of  these 
the  results  of  the  observations  and  computations  of  astro- 
nomers are  to  a  certain  extent  at  variance,  and  a  corresponding 
uncertainty  attends  such  data,  as  well  as  all  conditions  which 
depend  on  them  or  are  derived  by  calculation  from  them.  This 
is  more  especially  the  case  with  the  masses  of  those  planets 
which  are  unaccompanied  by  satellites,  and  consequently  with 
the  densities  which  are  ascertained  by  dividing  the  masses  by 
the  volumes. 

2993.  Example  of  the  nuuses  and  densities  of  some  planets^-^ 
As  an  example  of  the  character  and  extent  of  these  discre- 
pancies we  give  the  following  estimates  of  the  masses  of  some 
of  the  principal  planets  expressed  as  fractions  of  the  mass  of  the 
sun.  The  column  b  contains  the  values  assigned  by  Plrofessor 
Encke,  from  a  comparison  of  all  the  authorities,  except  that  of 
Neptune,  which  is  given  on  the  authority  of  Professor  Pierce. 
The  column  f  contains  the  values  adopted  by  the  French 
Board  of  Longitude,  and  the  columns  l  and  m  the  values  given 
in  the  treatises  lately  published  in  Germany  by  Professors 
Littrow  and  Madler. 


MERCURY  .      .      . 
VESU8-      .      .      . 
BARTH.       .       •      . 
MARS    .... 
URAKUS       ... 
NBPTUNB    .       .       . 

m. 

r. 

L. 

M. 

1 

1 

1 

1 

4U1-K59 

sfipi 

1 

4UIS47 

I 

4((70^38 

406S7I 

«01718 

M4«IM 

35MMI 

MtMSJ 

Tifio 

«4i8UU7 

1 
tUMM 

1 

1 
KIUUU 

1 
19000 

«MM»MJU 

1«44« 
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It  will  be  observed  that  in  Table  IV.,  as  well  as  in  the  pre- 
ceding tables,  the  quantities  are  in  all  cases  reduced  to^  and 
expressed  in,  those  actual  standard  measures  and  weights 
with  which  all  persons  are  familiar.  The  utility  of  this  was 
very  forcibly  expressed  and  very  happily  illustrated  by  the 
Astronomer  Royal,  in  the  popular  lectures  delivered  by  him 
St  Ipswich. 

2994.  Intensity  of  solar  light  and  Aea^— Since  the  intensity 
of  solar  radiation  decreases  as  the  square  of  the  distance  from 
the  sun  decreases,  if  y  expresses  its  intensity  at  the  mean  dis- 
tance of  any  planet  relative  to  its  intensity  at  the  earth  as  the 
unit,  we  shall  have 

1 

2995.  Superficial  gravity, — The  superficial  gravity  of  a 
spherical  body  being  in  proportion  to  its  mass,  divided  by  the 
square  of  its  semi-diameter,  and  the  height  through  which  a 
body  falls  upon  the  surface  of  the  earth  in  one  second  being 
16*08  feet,  let  g'  express  the  superficial  gravity  of  a  spherical 
body  related  to  that  of  the  earth  as  the  unit,  and  let  f  express 
the  height  through  which  a  body  submitted  to  it  would  fall  in 
one  second,  and  we  shall  have 

^=^',  /=^x  16-08. 

2996.  Orbital  velocities, — It  is  easy  to  show  that  it  follows 
as  a  necessary  consequence  of  the  harmonic  law,  that  the  mean 
orbital  velocities  of  the  planets  are  in  the  inverse  ratio  one  ta 
another  of  the  square  roots  of  the  distances ;  for  since  these 
velocities  are  proportional  to  the  circumferences,  or,  what  is  the. 
same,  the  semi-diameters  of  the  orbits,  divided  by  the  periods, 

they  are  proportional  to  -  ;  but  since,  by  the  harmonic  law,  p^ 
is  proportional  to  a',  the  velocities  will  be  proportional  to     .^ 

or,  what  is  the  same,  to  -=,  that  is,  inversely  proportional  to 
Va 

the  square  roots  of  the  mean  distances. 

This  being  understood,  and  the  mean  orbital  velocity  of  the 

earth  expressed  in  miles  per  hoar  being  68,890,  let  v  be  the 
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mean  velocity  of  a  planet  r^ted  to  that  of  the  earth  as  the 
unit,  and  v'  its  mean  Telocity  in  miles  per  hour,  and  we  shall 
have 

v=:    -i,  v'=vx  68890; 

and  since  the  ratio  of  miles  per  hour  to  feet  per  second  is 
that  of  5280  to  3600,  if  v"  he  the  velocity  in  feet  per  second, 
we  shall  have 

528 
^  *^360  ^^' 

2997.  Superficial  velocity  (f  rotation. — The  superficial  ve- 
locity of  a  planet  at  its  equator  in  virtue  of  its  diurnal  rotation 
is  found  hy  comparing  the  circumference  of  its  equator  with  the 
time  of  its  rotation.  By  the  elementary  principles  of  geometry, 
the  circamference  of  a  circle  whose  diameter  is  2,  is  3  x  3*1415, 
and  if  t  express  the  time  of  rotation  in  hours,  we  shall  have 
for  r,  the  velocity  of  rotation  in  miles  per  hour 

?x  31415 
*^  = :;; ^ 

T 

which  may  he  reduced  to  feet  per  second,  as  hefore,  hy 

.  528 

2998.  Solar  gravitation, — The  general  law  of  gravitation 
supplies  easy  and  simple  means  by  which  the  force  of  the  sun's 
attraction  at  the  mean  distance  of  each  of  the  planets  may  be 
brought  into  immediate  comparison  with  the  known  force  of 
gravity  at  the  surface  of  the  earth. 

Let  this  latter  force  be  expressed  by  g.  It  will  decrease  in 
the  same  ratio  as  the  square  of  the  distance  of  the  body  affected 
by  it  increases.  The  distance  of  the  sun  being  24,000  semi- 
diameters  of  the  earth,  the  intensity  of  the  attraction  which  the 
earth's  mass  would  exert  at  that  distance  would  be 


9 


24000  X  24000  ■"576,000000' 

But  the  mass  of  the  sun  being  354,936  times  that  of  the  earth, 
it  will  at  the  same  distance  exert  an  attraction  354,936  times 
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greater.  The  intensity  of  the  attraction,  therefore,  which  the 
sun  exerts  at  the  earth's  mean  distance  will  be 

354936  _     g 
^  ^  24000*  "•  1626  • 

and  the  intensity  of  its  attraction  at  the  mean  distance  of  the 
other  planets  being  still  inversely  as  the  squares  of  the  distances, 
will  be  found  by  dividing  this  by  a*.  So  that  if  o  express  this 
attractioip,  and  f  the  height,  in  thousandths  of  an  inch,  through 
which  a  body  placed  at  each  distance  would  fall  in  one  second^ 
we  shall  have 

«^=  \Ja—^y  F  =  16080  X  12  X  o=192960g. 

By  the  numbers  given  in  the  column  o,  it  is  there  to  be  under^ 
stood  that  a  mass  of  matter  which,  placed  upon  the  surface  of 
the  earth,  would  weigh  the  number  of  pounds  expressed  by  the 
denominators  of  the  fractions  severally,  would,  if  submitted 
only  to  the  sun's  attraction  at  the  respective  mean  distances  of 
the  planets,  gravitate  to  the  sun  with  the  force  of  one  pound. 
Thus,  a  mass  which  on  the  earth's  surface  would  weigh  1626  lbs* 
would  weigh  only  one  pound  if  exposed  to  the  sun's  attraction 
in  the  absence  of  the  earth.  In  like  manner,  a  mass  which 
upon  the  earth's  surface  would  weigh  1467333  lbs.,  or  655  tons, 
would,  if  exposed  to  the  sun's  attraction  at  the  mean  distance 
of  Neptune,  weigh  only  one  pound,  so  extremely  is  the  intensity 
of  sokr  attraction  enfeebled  by  the  enormous  increase  of 
distance. 

The  numbers  given  in  the  column  f  have  a  more  absolute 
sense,  and  express  in  thousandths  of  an  inch  the  actual  spaces 
through  which  a  body  would  be  drawn  in  one  second  of  time 
by  the  sun's  attraction  at  the  mean  distances  of  the  planets 
severally. 

IV.  Tabulated  Elebcents  of  the  Satellites. 

2999.  The  elements  of  the  orbits,  and  other  physical  data 
relating*  to  the  satellites  of  Jupiter,  Saturn,  and  Uranus,  so  far 
as  they  have  been  discovered,  are  given  in  Tables  Y.,  YL,  and 
YIL  After  the  explanations  which  have  been  given  above 
respecting  the  corresponding  data  of  the  primary  planets,  no 
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diflkalty  will  be  foand  in  comprehending  those  tables^  and  the 
manner  of  computing  them. 

TABLE  V. 
Elements  of  the  JovUn  System. 
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COMETS. 
I.  COMETART  ORBITS. 


8000.  J^escieneeof  the  astronomer.  For  the  civil  and  politieal 
liistorian  the  past  alone  has  existence — the  present  he  rarelj 
apprehends ;  the  future  never.  To  the  historian  of  science  it  is 
pennittedy  however,  to  penetrate  the  depths  of  past  and  future 
with  equal  clearness  and  certainty :  facts  to  come  are  to  him  as 
present,  and  not  unfrequentlj  more  assured  than  facts  which  are 
passed.  Although  this  dear  perception  of  causes  and  con« 
sequences  characterises  the  whole  domain  of  physical  sciencey 
and  clothes  the  natural  philosopher  with  powers  denied  to  the 
political  and  moral  inquirer,  yet  foreknowledge  is  eminently  the 
privilege  of  the  astronomer.  Nature  has  raised  the  curtain  of 
futurity,  and  displayed  hefore  him  the  succession  of  her  decrees, 
so  far  as  they  affect  the  physical  universe,  for  countless  ages  to 
come ;  and  the  revelations  of  which  she  has  made  him  the  in- 
strument, are  supported  and  verified  hy  a  never-ceasing  train  of 
predictions  fulfilled.  He  "  shows  us  the  things  which  will  he 
hereafter,"  not  obscurely  shadowed  out  in  figures  and  in  parables, 
as  most  necessarily  be  the  case  with  other  revelations,  but 
attended  with  the  most  minute  precision  of  time,  place,  and 
circumstance.    He  converts  the  hours  as  they  roll  into  an  ever- 
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present  miracle,  in  attestation  of  those  laws  which  his  Creator 
through  him  has  unfolded;  the  sun  cannot  rise — the  moon 
cannot  wane — a  star  cannot  twinkle  in  the  firmament,  without 
bearing  witness  to  the  truth  of  his  prophetic  records.  It  has 
pleased  the  **  Lord  and  Governor"  of  the  world,  in  his  inscrut- 
able wisdom,  to  baffle  our  inquiries  into  the  nature  and  proximate 
cause  of  that  wonderful  facultj  of  intellect — that  image  of  hi^ 
own  essence  which  he  has  conferred  upon  us ;  nay,  the  springs 
and  wheelwork  of  animal  and  v^etable  vitality  are  concealed 
from  our  view  bj  an  impenetrable  veil,  and  the  pride  of 
philosophy  is  humbled  by  the  spectacle  of  the  physiologist 
bending  in  fruitless  ardour  over  the  dissection  of  the  human  brain, 
and  peering  in  equally  unproductive  inquiry  over  the  gambols 
of  an  animalcule.  But  how  nobly  is  the  darkness  which  enve- 
lopes metaphysical  inquiries  compensated  by  the  flood  of  light 
which  is  shed  upon  the  physical  creation !  There  all  is  harmony, 
and  order,  and  majesty,  and  beauty.  From  the  chaos  of  social 
and  political  phenomena  exhibited .  in  human  records — pheno- 
mena unconnected  to  our  imperfect  vision  by  any  discoverable 
law,  a  war  of  passions  and  prejudices,  governed  by  no  apparent 
purpose,  tending  to  no  apparent  end,  and  setting  all  intelligible 
order  at  defiance — how  soothing  and  yet  how  elevating  it  is  to 
tnrn  to  the  splendid  spectacle  which  ofiers  itself  to  the  habitual 
contemplation  of  tlie  astronomer!  How  favourable  to  the 
development  of  all  the  best  and  highest  feelings  of  the  soul  are 
such  objects!  the  only  passion  they  inspire  being  the  love  of 
truth,  and  the  chiefest  pleasure  of  their  votaries  arising  iron 
excursions  through  the  imposing  scenery  of  the  nniverse— sce^ 
nery  on  a  scale  of  grandeur  and  magnificence,  compared  witk 
which  whatever  we  are  accustomed  to  call  subltmity  on  onr 
planet  dwindles  into  ridiculous  insignificancy.  Most  justly  has 
it  been  said,  tliat  nature  has  implanted  in  our  bosoms  a  craving 
ftfter  the  discovery  of  truth,  and  assuredly  that  glorious  instinct 
18  never  more  irresistibly  awakened  than  when  our  notice  is 
directed  to  what  is  going  on  in  the  heavens.  *'  Quoniam  eadem 
Natura  eupiditatem  ingenuit  hominibus  veri  inveniendi,  quod 
facillime  apparet,  cum  vacni  curis,  istiam  quid  in  coelo  fiat,  scire 
avemus ;  his  initiis  inducti  omnia  vera  diligimus ;  id  est,  fidelia, 
simplicia,  constantia ;  tum  vana,  falsa,  faUentia  odimds."* 

*  Cic.  de  Fin.  Bon.  et  Mai.  u.  14. 
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3001.  Strikingly  illustrated  by  cometary  discovery.  —  Such 
reflections  are  awakened  by  every  branch  of  the  science  which 
now  engages  us,  but  by  none  so  strongly  as  by  the  history  of 
cometary  discovery.  No  where  can  be  found  so  marvellous  a 
series  of  phenomena  foretold.  The  interval  between  the  predic- 
tion and  its  fulfilment  has  sometimes  exceeded  the  limits  of 
human  life,  and  one  generation  has  bequeathed  its  predictions 
to  another,  which  has  been  filled  with  astonishment  and  ad- 
miration at  witnessing  their  literal  accomplishment. 

3002.  Motion  of  comets  explained  by  gravitation. — In  the 
vast  framework  of  the  theory  of  gravitation  constructed  by 
Newton,  places  were  provided  for  the  arrangement  and  exposition 
not  only  of  all  the  astronomical  phenomena  which  the  observation 
of  all  preceding  generations  had  supplied,  but  also  for  a  far 
greater  mass  which  the  more  fertile  and  active  research  of  the 
generations  which  succeeded  him  have  furnished.  By  this 
theory,  as  we  have  seen,  all  the  known  planetary  motions  were 
explained,  and  planets  previously  unseen  were  felt  by  their 
effects,  their  places  ascertained,  and  the  telescope  of  the  observer 
guided  to  them. 

But  transcendently  the  greatest  triumph  of  this  celebrated 
theory  was  the  exposition  it  supplied  of  the  physical  laws  which 
govern  the  motions  of  comets  as  distinguished  from  those  which 
prevail  among  the  planets. 

3003.  Conditions  imposed  on  the  orbits  of  bodies  which  are 
subject  to  the  attraction  of  gravitation. — It  is  proved  in  the 
propositions  demonstrated  in  the  first  book  of  Newton's  Frincipia, 
which  propositions  form  in  substance  the  ground-work  of  the 
entire  theory  of  gravitation,  that  a  body  which  is  under  the 
influence  of  a  central  force,  the  intensity  of  which  decreases  as 
the  square  of  the  distance  increases,  must  move  in  one  or  other 
of  the  curves  known  to  geometers  as  the  "  conio  sections," 
being  those  which  are  formed  by  the  intersection  of  the  surface 
of  a  cone  by  a  plane,  and  that  the  centre  of  attraction  must  be 
in  the  focus  of  the  curve;  and  in  order  to  prove  that  such  curves 
are  compatible  with  no  other  law  of  attraction,  and  may  therefore 
be  taken  as  conclusive  evidence  of  the  existence  of  this  law,  it  is 
further  demonstrated  that  whenever  a  body  is  observed  to  move 
round  a  centre  of  attraction  in  any  one  of  these  curves,  that 
centre  being  its  focus,  the  law  of  the  attraction  will  be  that  of 
gravitation;  that  is  to  say,  its  intensity  will  vary  in  the  inverse 

m.  z 


Digitized  by 


Google 


506  ASTRONOMY. 

proportion  of  the  square  of  the  distance  of  the  moving  body  from 
the  centre  of  force* 

Subject  to  these  limitations,  howeyer,  a  body  may  move  round 
the  sun  in  any  orbit,  at  any  distance,  in  any  phine,  and  in  any 
direction  whatever.  It  may  describe  an  c^pse  of  any  eccen- 
tricity, from  a  perfect  circle  to  the  most  elongated  ovaL  This 
ellipse  may  be  in  any  plane,  from  that  of  the  ecliptic  to  one  at 
right  angles  to  it,  and  the  body  may  move  in  such  ellipses  either 
in  the  same  direction  as  the  earth  or  in  the  contrary  direction* 
Or  the  body  thus  subject  to  solar  atthiction  may  move  in  a 

parabola  with  its  point  of  peri* 
helion  at  any  distance  what- 
ever from  the  sun,  either  grazing 
its  very  surface  or  sweeping 
beyond  the  orbit  of  Neptune, 
or^  in  fine,  it  may  sweep  round 
the  sun  in  an  hyperbola,  enter- 
ing and  leaving  the  system  in 
two  divergent  directions. 

To  render  these  explanations, 
which  are  of  the  greatest  in- 
terest and  importance  in  rela- 
tion to  the  subject  of  comets, 
more  clearly  understood,  we 
have  represented,  in  ^.811., 
the  forms  of  a  very  eccentric 
ellipse,  aba'  b%  a  parabola 
a  p  p\  and  an  hyperbola  a  h  h\ 
having  s  as  their  common  focus, 
and  it  will  be  convenient  to 
explain  in  the  first  instance 
the  relative  magnitude  of  some 
important  lines  and  distances 
connected  with  these  orbits. 

3004.    EUipHc      orbit.  — 

Ellipses  or  ovals  vary  without 

limit  in  their  eccentricity.    A 

I  circle  is  regarded  as  an  ellipse 

whose  eccentricity  is  nothing. 

The  orbits  of  the  planets  ge- 

uerally  are  ellipses,  but  having  eccentricities  so  small  that,  if 
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described  on  a  large  scale  in  their  proper  proportions  on  paper, 
the/  would  be  distinguishable  from  circles  only  by  measuring 
accurately  the  dimensions  taken  in  different  directions,  and  thus 
ascertaining  that  they  are  longer  in  a  certain  direction  than  in 
another  at  right  angles  to  it.  A  yery  eccentric  and  oblong 
ellipse  is  delineated  in  fig,  811.,  of  which  ao^  is  the  migor  axis. 
The  focus  being  «,  the  perihelion  distance  c^  is  «  a,  and  the 
aphelion  distance  cf  is  «  a\  the  mean  distance  a  being  «  c,  or 
half  the  m^jor  axis.  The  eccentricity  «,  being  expressed  by  the 
numerical  ratio  of  the  distance  of  the  focus  «  from  the  centre  c 
to  the  semi-axis,  we  shall  have 

$c 

—  -=,  e,  9  c  ^=:-  a  X  e, 
a 

It  is  evident  from  what  has  been  just  stated  then  that  we  shall 
have 

rf  =  a  —  ax«  =  ax(l—  «), 
and  consequently 

d 

and  also  ^ 

df  ^a-^-  ay.  e^a  x(l+e)  =  rfx      _    • 

Hence  it  is  evident  that  if  the  perihelion  distance  and  ec- 
centricity be  given,  the  semi-axis  a  and  the  aphelion  distance 
d'  can  be  computed. 

By  the  properties  of  the  ellipse,  the  distance  of  any  point 
from  the  focus  s  can  be  computed  if  the  perihelion  distance  c/, 
the  eccentricity  «,  and  the  angular  distance  of  the  point  from 
perihelion  be  given.  Let  a  express  this  angular  distance, 
which  is,  in  fact,  the  angle  formed  by  two  lines,  one  dy  drawn 
from  «  to  a,  and  the  other  z  from  8  to  the  actual  place  of  the 
body  in  the  ellipse.  It  is  proved  in  geometry  that  the  value  of 
z  may  be  determined  in  all  cases  by  the  formula, 

z  =  d  X  ^— ; ; 

1  +  e  X  COS.  a' 

that  is  to  say,  if  the  perihelion  distance  be  first  multiplied  by  the 
eccentricity  increased  by  1,  and  the  product  then  divided  by  the 
number  found  by  adding  to  1  the  product  of  the  eccentricity  and 
the  cosine  of  the  angular  distance  of  the  body  from  periheliont 
the  quotient  will  be  the  distance  of  the  body  from  the  focu8^«. 

z  2 
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From  this  general  formula,  therefore,  the  expression  for  the 
distance  of  the  bodj  from  the  focus  in  every  position  can  be 
found*    Thus  at  90^  from  perihelion  we  have 

cos  a  =  COS.  90°  =  0, 

and  therefore  the  distance  s  I,  which  we  shall  call  I,  is 

/  =  d  X  (I  +  e) 

If  we  suppose  a  =  180®,  we  shall  reproduce  the  expression  for 
the  aphelion  distance  ct,  for  cos.  ISO'  =  —  1 ;  and  therefore 

d^  ==dx  -z . 

1  —  c 

It  will  be  useful  also  to  observe  that  the  cos.  a  is  positive  when 
a  is  less,  and  negative  when  a  is  greater,  than  90^. 

The  number  which  is  expressed  hj  e  is  necessarily  less  than 
1,  since  it  is  a  fraction  whose  numerator  scib  less  than  its  de* 
nominator  c  a.  The  more  eccentric  the  ellipse  is,  the  more 
nearly  equal  will  sc  he  toe  a,  and  consequently  the  more  nearly 
equal  to  1  will  be  the  eccentricity  e. 

The  distance  ly  being  greater  than  the  perihelion  distance  d^ 
in  the  ratio  of  1  +  e  to  1,  it  will  therefore  be  always  less  than 
twice  this  distance,  inasmuch  as  1  +  « is  always  less  than  2; 
but  the  more  eccentric  the  ellipse  is  the  more  nearly  will  /  ap* 
proach  to  twice  the  perihelion  distance  d.  Thus,  for  example,  if 
e  =  0-999,  we  should  have  l  =  d  x  1*999,  which  falls  short  of 
twice  the  perihelion  distance  by  not  more  than  the  1000th  part 
of  that  distance. 

The  curvature  of  the  ellipse  continually  increases  from  the 
mean  distance  to  perihelion,  and  constantly  decreases  from 
perihelion  to  the  mean  distance,  being  equfd  at  equal  angular 
distances  from  perihelion  as  seen  from  the  sun. 

It  is  evident  that  if  a  body  move  in  a  very  eccentric  ellipse, 
such  as  that  represented  in^i^.  811.,  whose  plane  coincides 
exactly  or  nearly  with  the  common  plane  of  the  planetary  orbits, 
it  may  intersect  the  orbits  of  several  or  all  of  the  planets,  as  it 
is  represented  to  do  in  the  figure,  although  its  mean  distance 
from  the  sun  may  be  less  than  the  mean  distance  of  several 
of  those  which  it  thus  intersects.  The  aphelion  distance  of 
such  a  body  may,  therefore,  greatly  exceed  that  of  any  planet; 
while  its  mean  distance  may  be  less  than  that  of  Uie  more 
distant  planets. 


Digitized  by 


Google 


COMETS.  509 

3005.  Parabolic  orbits,  —  The  form  of  a  parabolic  orbit 
having  the  same  perihelion  distance  as  the  elliptic  orbit  is  re* 
presented  at  app^  in^.  811.  This  orbit  consists  of  two  in- 
definite branches,  similar  in  form,  which  unite  at  perihelion  a. 
Departing  from  this  point  on  opposite  sides  of  the  axis  a  a\  their 
curvatore  regularly  and  rapidly  decreases,  being  equal  at  equal 
distances  from  perihelion.  The  two  branches  have  a  constant 
tendency  to  assume  the  direction  and  form  of  two  straight  lines 
parallel  to  the  axis  aa'.  To  actual  parallelism,  and  still  less  to 
convergence,  these  branches,  however,  never  attain,  and  con- 
sequently they  can  never  reunite.  They  extend,  in  fine,  like 
parallel  straight  lines,  to  an  unlimited  distance  without  ever 
reuniting,  but  assuming  directions  when  the  distance  from  the 
focus  bears  a  high  ratio  to  the  perihelion  distance,  which  are 
practically  undistinguishable  from  parallelism. 

It  is  demonstrated  in  geometry,  that  if  d  express  the  peri- 
helion distance  and  z  the  distance  of  the  body  at  the  angular 
distance  a  from  perihelion,  we  shall  have 

2d 
%  -— • 

1  -h  COS.  a 
that  is  to  say,  the  distance  z  is  found  by  dividing  twice  the 
perihelion  distance  by  1  added  to  the  cosine  of  the  angular 
distance  from  perihelion. 

It  must  be  mentioned,  however,  that  when  a  is  greater  than 
90%  the  cosine  is  negative,  and  its  value  must  then  be  subtracted 
from  1  to  obtain  the  divisor. 

To  find  the  distance  /  of  the  body  at  90°  from  perihelion,  let 
a  =  90*^,  and  consequently  cos.  a  =  0.    Therefore 

that  is  to  say,  the  distance  at  90°  from  perihelion  is  twice  the 
perihelion  distance. 

One  parabolic  orbit  difiers  from  another  in  its  perihelion 
distance.  The  less  this  distance  is,  the  less  will  be  the  separation 
at  a  given  distance  from  s  between  the  parallel  directions  to 
which  the  indefinite  branches  pp^  tend.  This  distance  may 
have  any  magnitude*  The  body  in  its  perihelion  may  graze  the 
surface  of  the  sun,  or  may  pass  at  a  distance  from  it  greater  than 
that  of  the  most  remote  of  the  planets,  so  that,  although  it  be 
subject  to  solar  attraction,  it  would  in  that  case  never  enter 
within  the  limits  of  the  solar  system  at  alL 
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A  body  moving  in  snch  an  orbit,  tberefore,  would  not  make, 
like  one  which  moves  in  an  ellipse^  a  succession  of  revolutions 
round  the  sun ;  nor  can  the  term  periodic  time  be  applied  at  all 
to  its  motion.  It  enters  the  system  in  some  definite  direction, 
snch  as  p' p^  as  indicated  bj  the  arrow  from  an  indefinite 
distance.  Arriving  within  the  sensible  influence  of  solar 
gravitation,  the  effects  of  this  attraction  are  manifested  in  the 
curvation  of  its  path,  which  gradually  increases  as  its  distance 
from  the  sun  decreases,  until  it  arrives  at  perihelion,  where  the 
attractive  force,  and  consequently  the  curvature,  attain  their 
maxima.  The  extreme  velocity  which  the  body  attains  at  this 
point  produces,  in  virtue  of  the  inertia  of  the  moving  mass,  a 
centrifugal  force,  which  counteracts  the  gravitation,  and  the 
body,  after  passing  perihelion,  begins  to  retreat ;  the  solar  gravi- 
tation and  the  curvature  of  its  path  decreasing  together,  until  it 
issues  from  the  system  in  a  direction  p  p\  as  indicated  by  the 
arrows,  which  is  nearly  a  straight  line,  and  parallel  to  that  in 
which-  it  entered.  In  such  an  orbit  a  body  therefore  visits  the 
system  but  once.  It  enters  in  a  certain  direction  from  an 
indefinite  distance,  and,  passing  through  its  perihelion,  issues  in 
a  parallel  direction,  passing  to  an  unlimited  distance,  never  to 
return. 

3006.  Hyperbolic  orbits.  — This  class  of  orbits,  like  the  para- 
bolas, consist  of  two  indefinite  branches,  which  unite  at  peri- 
helion, which  at  equal  distances  from  perihelion  have  equal 
curvatures,  and  which,  as  the  distance  from  perihelion  increases, 
approach  indefinitely  in  direction  and  form  to  straight  lines, 
but,  unlike  the  parabolic  orbits,  the  straight  lines  to  whose 
direction  the  two  branches  approximate  are  divergent  and  not 
paralleL 

Such  an  orbit  having  the  same  perihelion  distance  as  the 
ellipse  and  parabola,  is  represented  by  ahh\fig.  811. 

If  z  express,  as  before,  the  distance  of  the  body  from  «,  when 
its  angular  distance  from  perihelion  is  a,  and  if  t  express  a 
certain  number,  which,  instead  of  being  less,  as  in  the  case  of 
the  ellipse,  is  greater  than  1,  we  shall  have 
,  1  +  c 

1  -f  «  X  cos.  a' 
a  formula  identical  with  that  which  expresses  the  value  of  z  in 
the  case  of  the  ellipse,  the  difference  being  merely  in  the  relation 
which  the  number  e  bears  to  1. 
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It  is  easy  to  perceive  that  when  the  perihelion  distance  is  the 
same,  the  value  of  z  for  any  proposed  angular  distance  from 
perihelion  is  greater  in  the  hjrperbola  than  in  the  ellipse,  and 
that  its  value  in  the  parabola  is  intermediate,  being  less  than  in 
the  hyperbola  and  greater  than  in  the  ellipse. 

The  parabola  is,  therefore,  included  between  the  ellipse  and 
hyperbola,  and  the  less  the  number  e  falls  short  of  1  for  the 
ellipse,  and  exceeds  it  for  the  hyperbola,  the  nearer  will  the 
three  orbits  be  in  relation  to  each  other  at  those  parts  which 
are  not  very  far  removed  from  perihelion. 

The  distance  /  of  the  body  which  moves  in  the  hyperbola  at 
90°  from  perihelion,  is 

the  same  as  for  the  ellipse.  If  /  express  this  dbtance  for  the 
ellipse,  /'  for  the  parabola,  and  T'  for  the  hyperbola,  and  c' 
express  the  value  of  e  for  the  hyperbola,  we  shall  have 

l=zdx(l+€) 
l'  =  2d 

r  =  rf  X  (1  +  o, 

and  consequently  the  distances  between  the  parabola,  and  each 
of  the  other  orbits  at  90**  from  perihelion,  measured  in  the  direc- 
tion of  s  IVy  will  be 

r-/  =  rfx(l-e) 

r-/'  =  dx(c'-l). 

It  is  evident,  therefore,  that,  whatever  be  the  fraction  by 
which  e  falls  short  of  1,  and  by  which  e'  exceeds  1^  the  same 
will  be  the  fraction  of  the  perihelion  distance  by  which  the 
parabola  at  this  point  is  separated  from  the  other  orbits. 

It  will  be  recollected  that,  when  a  exceeds  90**,  the  cos,  a  be- 
comes negative,  and,  consequently,  we  would  then  have 

1  —  C  X  cos.  a. 

Now,  as  the  cos.  a,  which  is  0,  when  a =90'*  increases,  the 
product  e  x  cos.  a,  which,  after  passing  90**,  is  very  minute,  will 
also  increase,  and,  consequently,  the  divisor  1  —  «  x  cos.  a  will 
decrease.  This  will  evidently  cause  a  proportionate  increase 
of  z.  As  the  product  e  x  cos.  a  approaches  to  1,  the  divisor 
decreasing,  the  value  of  z  rapidly  increases ;  and  when  e  x  cos.  a 
becomes  actually  ^l,  z  becomes  infinite. 
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The  geometrical  interpretatioii  of  this  analjtical  contiDgeiicjr 
is,  that  each  branch  of  the  orbit,  in  receding  from  the  centre  of 
attraction  $,  approaches  indefinitely  to  coincidence  with  certain 
straight  lines,  which  make,  with  the  direction  of  perihelion,  an 
angle,  the  cosine  of  which  has  such  a  valae,  that  e  x  cos.  a  ==  1, 

that  is,  an  angle  whose  cosine  is  --, 

e 

If  two  straight  lines,  therefore,  be  drawn  from  «,  making  an 
angle  with  the  axis  a  a',  whose  cosine  is-,  these  lines  will  be 

the  directions  into  which  the  two  branches  of  the  hjperbolic 
orbit  have  a  constant  tendency  to  run.  They  will,  therefore, 
be  the  limit  of  the  divergence  of  the  branches  hh\ 

It  is  evident,  therefore,  that  the  more  the  number  e  exceeds 
1,  the  greater  will  be  the  angle  of  divergence  of  the  two 
branches  A  A',  and  the  less  it  exceeds  1,  the  nearer  will  the 
hyperbolic  branches  hh'  approach  to  the  parabolic  branches  pp'. 

In  the^^.  811.,  the  orbits  circular,  elliptic,  parabolic,  and 
hyperbolic  are  necessarily  represented  as  being  all  in  the  same 
plane.  It  must,  however,  be  understood,  that,  so  far  as  any 
conditions  are  imposed  upon  them  by  the  law  of  gravitation, 
they  may  severally  be  in  any  planes  whatever,  inclined  each 
to  the  other,  at  any  angles  whatever,  from  0*^  to  90**,  with  their 
mutual  intersections  or  lines  of  nodes  in  any  directions  what- 
ever, and  that  the  bodies  may  move  in  these  several  orbits,  in 
any  directions,  how  opposed  soever  to  each  other. 

8007.  Planets  observe  in  their  motions  order  not  exacted  by 
the  law  of  gravitation. — When  the  theory  of  gravitation  was 
first  propounded  by  its  illustrious  author,  no  other  bodies, 
save  the  planets  and  satellites  then  discovered,  were  known 
to  move  under  the  influence  of  such  a  central,  attraction. 
These  bodies,  however,  supplied  no  example  of  the  play  of 
that  celebrated  theory  in  its  full  latitude.  They  obeyed,  it  is 
true,  its  laws,  but  they  did  much  more.  They  displayed  a 
degree  of  harmony  and  order  far  exceeding  what  the  law  of 
gravitation  exacted.  Permitted  by  that  law  to  move  in  any  of 
the  three  classes  of  conic  sections,  their  paths  were  exclusively 
elliptical ;  permitted  to  move  in  ellipses  infinitely  various  in  their 
eccentricities,  they  moved  exclusively  in  such  as  differed  almost 
insensibly  from  circles  ;  permitted  to  move  at  distances  subor- 
dinated to  no  regular  law,  they  moved  in  a  series  of  orbits  at 
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distances  increasing  in  a  regular  progression;  permitted  to  move 
at  all  conceivable  angles  with  the  plane  of  the  ecliptic,  their 
paths  are  inclined  to  it  at  angles  limited  in  general  to  a  few 
degrees ;  permitted,  in  fine,  to  move  in  either  direction,  they  all 
agreed  in  moving  in  the  direction  in  which  the  earth  moves  in 
its  annual  course* 

Accordance  so  wondrous,  and  order  so  admirable,  could  not  be 
fortuitous,  and,  not  being  enjoined  by  the  conditions  of  the  law 
of  gravitation,  must  either  be  ascribed  to  the  immediate  dictates 
of  the  Omnipotent  Architect  of  the  universe  above  all  general 
laws,  or  to  some  general  laws  superinduced  upon  gravitation, 
which  had  escaped  the  sagacity  of  the  discoverer  of  that  prin- 
ciple. If  the  former  supposition  were  adopted,  some  bodies, 
different  in  their  physical  characters  from  the  planets,  primary 
and  secondary,  and  playing  different  parts  and  fulfilling  different 
functions  in  the  economy  of  the  universe,  might  still  be  found, 
which  would  illustrate  the  play  of  gravitation  in  its  full  latitude, 
sweeping  round  the  sun  in  all  forms  of  orbit,  eccentric,  para- 
bolic, and  hyperbolic,  in  all  planes,  at  all  distances,  and  indiffer- 
ently in  both  directions.  If  the  latter  supposition  were  accepted, 
then  no  other  orbit,  save  ellipses  of  small  eccentricity,  with  plaiies 
coinciding  nearly  with  that  of  the  ecliptic,  would  be  physically 
possible. 

8008.  Comets  observe  no  such  order  in  their  motions, —  The 
theory  of  gravitation  had  not  long  been  promulgated,  nor  as  yet 
been  generally  accepted,  when  the  means  of  its  further  verifica- 
tion were  sought  in  the  motion  of  comets.  Hitherto  these  bodieS' 
had  been  regarded  as  exceptional  and  abnormal,  and  as  being 
exempt  altogether  from  the  operation  of  the  law  and  order  which 
prevailed  in  a  manner  so  striking  among  the  members  of  the 
solar  system.  So  little  attention  had  been  given  to  comets  that 
it  had  not  been  certainly  ascertained  whether  they  were  to  be 
classed  as  meteoric  or  cosmical  phenomena;  whether  their 
theatre  was  the  regions  of  the  atmosphere,  or  the  vast  spaces  in 
which  the  great  bodies  of  the  universe  move.  Their  apparent 
positions  in  the  heavens  on  various  occasions  of  the  appearances 
of  the  most  conspicuous  of  them  had  nevertheless  been  from 
time  to  time  for  some  centuries  observed  and  recorded  with  such 
a  degree  of  precision  as  the  existing  state  of  astronomical  science 
permitted ;  and  even  when  their  places  were  not  astronomically 
ascertained,  the  date  of  their  appearance  was  generally  preserved 
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in  the  historic  records,  and  in  many  cases  the  constellations 
through  which  they  passed  were  indicated,  so  that  the  means  of 
obtaining  at  least  a  rude  approximation  to  their  position  in  the 
firmament  were  thus  supplied. 

8009.  They  move  in  conic  sections^  tDtth  the  sun  for  the  focus, 
—  Such  observations,  vague,  scattered,  and  inexact  as  they  were, 
supplied,  however,  data  by  which,  in  several  cases,  it  was  possible 
to  compute  the  real  motion  of  these  bodies  through  space,  their 
positions  in  relation  to  the  sun,  the  earth,  and  the  planets,  and 
the  paths  they  followed  in  moving  through  the  system,  with 
sufficiently  approximate  accuracy  to  conclude  with  certainty 
that  they  were  one  or  other  of  the  conic  sections,  the  place  of 
the  sun  being  the  focus. 

This  was  sufficient  to  bring  these  bodies  under  the  general 
operation  of  the  attraction  of  gravitation. 

It  still  remained,  however,  to  determine  more  exactly  the 
specific  character  of  these  orbits.  Are  they  ellipses  more  or 
less  eccentric?  or  parabolas?  or  h3rperbolas? — Any  of  the  three 
classes  of  orbits  would,  as  has  been  shown,  be  equally  compatible 
with  the  law  of  gravitation. 

3010.  IHfficulty  of  ascertaining  in  what  species  of  conic  sec^ 
Hon  a  comet  moves, — It  might  be  supposed  that  the  same  course 
of  observation  as  that  by  which  the  orbit  of  a  planet  is  traced 
would  be  applicable  equally  to  comets.  Many  circumstances, 
however,  attend  this  latter  class  of  bodies,  which  render  such 
observations  impossible,  and  compel  the  astronomer  to  resort  to 
other  means  to  determine  their  orbits. 

A  spectator  stationed  upon  the  earth  keeps  within  his  view 
each  of  the  other  planets  of  the  system  throughout  nearly  the 
whole  of  its  course.  Indeed,  there  is  no  part  of  the  orbit  of  any 
planet  in  which,  at  some  time  or  other^  it  may  not  be  seen  from 
the  earth.  Every  point  of  the  path  of  each  planet  can  therefore 
be  observed;  and,  although  without  waiting  for  such  observation, 
its  course  might  be  determined,  yet  it  is  material  here  to  attend 
to  the  fact,  that  the  whole  orbit  may  be  submitted  to  direct 
observation.  The  different  planets,  also,  present  peculiar  features 
by  which  each  may  be  distinguished.  Thus,  as  has  been  ex- 
plained, they  are  observed  to  be  spherical  bodies  of  various 
magnitudes.  Their  surfaces  are  marked  by  peculiar  modes  of 
light  and  shade,  which,  although  variable  and  shifting,  still,  in 
each  case,  possess  some  prevailing  and  pennanent  characters  by 
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which  the  identity  of  the  object  may  be  established,  even  were 
there  no  other  means  of  determining  it. 

Unlike  planets,  comets  do  not  present  to  us  those  individual 
characters  above  mentioned,  by  which  their  identity  may  be 
determined.  None  of  them  have  been  satisfactorily  ascertained 
to  be  spherical  bodies,  nor  indeed  to  have  any  definite  shape. 
It  is  certain  that  many  of  them  possess  no  solid  matter,  but  are 
masses  consisting  of  some  nearly  transparent  substances ;  others 
are  so  surrounded  with  this  apparently  vaporous  matter,  that  it 
is  impossible,  by  any  means  of  observation  which  we  possess,  to 
discover  whether  this  vapour  enshrouds  within  it  any  solid  mass. 
The  same  vapour  which  thus  envelopes  the  body  (if  such  there 
be  within  it)  also  conceals  from  us  its  features  and  individual 
character.  JSven  the  limits  of  the  vapour  itself,  if  vapour  it  be, 
are  subject  to  great  change  in  each  individual  comet.  Within 
a  few  days  they  are  sometimes  observed  to  increase  or  diminish 
some  hundred-fold.  A  comet  appearing  at  distant  intervals 
presents,  therefore,  no  very  obvious  means  of  recognition.  A 
like  extent  of  surrounding  vapour  would  evidently  be  a  fallible 
test  of  identity ;  and  not  less  inconclusive  would  it  be  to  infer 
diversity  firom  a  different  extent  of  nebulosity. 

If  a  comet,  like  a  planet,  revolved  round  the  sun  in  an  orbit 
nearly  circular,  it  might  be  seen  in  every  part  of  its  path,  and 
its  identity  might  thus  be  established  independently  of  any  pe- 
culiar characters  in  its  appearance.  But  such  is  not  the  course 
which  comets  are  observed  to  take. 

In  general  a  comet  is  visible  only  throughout  an  arc  of  its 
orbit,  which  extends  to  a  certain  limited  distance  on  each  side 
of  its  perihelion.  It  first  becomes  apparent  at  some  point  of  its 
path,  such  as  ^,  ^  or  g^'y  jig.  811. ;  it  approaches  the  sun  and 
disappears  after  it  passes  a  corresponding  point  g^  cf  or  gf'  in 
departing  from  the  sun.  The  arc  of  its  orbit  in  which  alone  it 
is  visible  would  therefore  be  ^  a  ^,  ^  a  ^,  or  ^'  a  ^'. 

If  this  arc,  extending  on  either  side  of  perihelion,  could 
always  be  observed  with  the  same  precision  as  are  the  planetary 
orbits,  it  would  be  possible,  by  the  properties  of  the  conic  sec- 
tions, to  determine  not  only  the  general  character  of  the  orbit, 
wheUier  it  be  an  ellipse,  or  parabola,  or  an  hyperbola,  but  even 
to  ascertain  the  individual  curve  of  the  one  kind  or  the  other  in 
which  the  comet  moves,  so  that  the  course  it  followed  before  it 
became  visible,  as  well  as  that  which  it  pursues  after  it  ceases 
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to  be  visible,  would  be  as  certainly  and  precisely  known  as  if  it 
could  be  traced  by  direct  observation  throughout  its  entire 
orbit. 

3011.  Hyperbolic  and  parabolic  comets  not  periodic. — K  it 
be  ascertained  that  the  arc  in  which  the  comet  moves  while  it 
is  visible  is  part  of  an  hyperbola,  such  as  ^  a  ^,  it  will  be 
inferred  that  the  comet  coming  from  some  indefinitely  distant 
region  of  the  universe,  has  entered  the  system  in  a  certain 
direction,  A'A,  which  can  be  inferred  from  the  visible  arc  g  a  g^ 
and  that  it  must  depart  to  another  indefinitely  distant  region  of 
the  universe  following  the  direction  hh\  which  b  also  ascertained 
from  the  visible  arc  ^  a  ^. 

If,  on  the  other  hand,  it  be  ascertained  that  the  visible  arc, 
such  as  ^'  a  ^,  be  part  of  a  parabola,  then,  in  like  manner  by  the 
properties  of  that  curve,  it  will  follow  that  it  entered  the  system 
coming  from  an  indefinitely  distant  region  of  the  universe  in  a 
certain  direction,  p' p^  which  can  be  inferred  from  the  visible 
arc  g'  a  ^,  and  that  after  it  ceases  to  be  visible,  it  will  issue 
from  the  system  in  another  determinate  direction,  p  //,  parallel 
to  that  by  which  it  entered. 

The  comet,  in  neither  of  these  cases,  would  have  a  periodic 
character.  It  would  be  analogous  to  one  of  those  occasional 
meteors  which  are  seen  to  shoot  across  the  firmament  never 
again  to  reappear.  The  body,  arriving  from  some  distant  region, 
and  coming,  as  would  appear,  fortuitously  within  the  solar  at- 
traction, is  drawn  from  its  course  into  the  hyperbolic  or  parabolic 
path,  which  it  is  seen  to  pursue,  and  escapes  from  the  solar 
attraction,  issuing  from  the  system  never  to  return.  The  phe- 
nomenon would  in  each  case  be  occasional,  and,  in  a  certain  sense, 
accidental,  and  the  body  could  not  be  said  properly  to  belong  to 
the  system.  So  far  as  relates  to  the  comet  itself,  the  phenomenon 
would  consist  in  a  change  of  the  direction  of  its  coarse  through 
the  universe,  operated  by  the  temporary  action  of  solar  gravita- 
tion upon  it. 

3012.  EUipHc  comets  periodic  like  the  planets, — But  the  case 
is  very  different,  the  tie  between  the  comet  and  the  system 
much  more  intimate,  and  the  interest  and  physical  importance 
of  the  body  transcendently  greater  when  the  arc,  such  as  g'^ag"^ 
proves  to  be  part  of  an  ellipse.  In  that  case,  the  invisible  part 
of  the  oi^it  being  inferred  from  the  visible,  the  major  axis  a  a' 
would  be  known.     The  comet  would  possess  the  periodic  cha- 
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racter,  making  successiye  revolutions  like  the  planets,  and 
returning  to  perihelion  a  after  the  lapse  of  its  proper  periodic 
time,  which  could  be  inferred  bj  the  harmonic  law  from  the 
magnitude  of  its  major  axis. 

Such  a  body  would  then  not  be,  like  those  which  follow 
hyperbolic  or  parabolic  paths,  an  occasional  visitor  to  the  system, 
connected  with  it  by  no  permanent  relation,  and  subject  to  solar 
gravitation  only  accidentally  and  temporarily.  It  would,  on  the 
contrary,  be  as  permanent,  if  not  as  strictly  regular,  a  member  of 
the  system  as  any  of  the  planets,  though  invested,  as  will  pre- 
sently appear,  with  an  extremely  different  physical  character. 

It  will  therefore  be  easily  conceived  with  what  profound 
interest  comets  were  regarded  before  the  theory  of  gravitation 
had  been  yet  firmly  established  or  generally  accepted,  and  while 
it  was,  so  to  speak,  upon  its  trial.  These  bodies  were,  in  fact, 
looked  for  as  the  witnesses  whose  testimony  must  decide  its 
fate. 

3013.  Difficulties  attending  the  analysis  of  cometary  motions. 
— Difficulties^  however,  which  seemed  almost  insurmountable, 
opposed  themselves  to  a  satisfactory  and  conclusive  analysis  of 
their  motions.  Many  causes  rendered  the  observations  upon 
their  apparent  places  few  in  number  and  deficient  in  precision. 
The  arcs  gag^  g'  ag'^  and  g*'  a  g"  of  the  three  classes  of  orbit  in 
any  of  which  they  might  move  without  any  violation  of  the  law 
of  gravitation  were  very  nearly  coincident  in  the  neighbourhood 
of  the  place  of  perihelion  a.  It  was,  for  example,  in  almost  all 
the  cases  which  presented  themselves,  possible  to  conceive  three 
different  curves,  an  eccentric  ellipse,  such  as  a  6  a' 6',  a  parabola, 
such  ViBp' pa,  and  an  hyperbola,  such  sls  h' ha,  so  related  that 
the  arcs  gag,  g[  ag[,  and  gf'  a g",  would  not  deviate  one  from 
another  to  an  extent  exceeding  the  errors  inevitable  in  cometary 
observations.  Thus  any  one  of  the  three  curves  within  the 
limits  of  the  visible  path  of  the  comet  might  with  equal  fidelity 
represent  its  course.  In  such  cases,  therefore,  it  was  impossible 
to  infer,  from  the  observations  alone,  whether  the  comet  belonged 
to  the  class  of  hyperbolic  or  parabolic  bodies,  which  have  no 
periodic  character,  or  to  the  elliptic,  which  has. 

3014.  Periodicity  alone  proves  the  elliptic  character. — The 
character  of  periodicity  itself,  which  belongs  exclusively  to 
elliptic  orbits,  supplied  the  means  of  surmounting  this  difficulty. 
If  any  observed  comet  have  an  elliptic  motion,  it  must  return  to 
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perihelion  after  completing  its  revolution,  and  it  must  have  been 
visible  on  former  returns  to  that  position.  Not  only  onght  it 
to  be  expected,  therefore,  that  such  a  comet  would  re*appear 
in  future  after  absences  of  equal  duration  (depending  on  its 
periodic  time),  but  that  its  previous  returns  to  perihelion  would 
be  found  by  searching  among  the  recorded  appearances  of  such 
objects  for  any,  the  dates  of  whose  appearance  might  correspond 
with  the  supposed  period,  and  whose  apparent  motions,  if 
observed,  might  indicate  a  real  motion  in  an  orbit,  identical  or 
nearly  so  with  that  of  the  comet  in  question. 

If  the  motion  of  such  a  body  were  not  affected  by  any  other 
force  except  the  solar  attraction,  it  would  renippear  after  each 
successive  revolution  at  exactly  the  same  point ;  would  follow, 
while  visible,  exactly  the  same  arc  g"  a  ^'\  would  move  in  the 
same  plane,  inclined  at  the  same  angle  to  the  ecliptic,  the  nodes 
retaining  the  same  places  ;  and  would  arrive  at  its  perihelion  at 
exactly  the  same  point  a,  and  after  exactly  equal  intervals. 
.  Now,  although  the  disturbing  actions  of  the  planets  near 
which  it  might  pass,  in  departing  from  and  returning  to  the 
sun,  must  be  expected  to  be  much  more  considerable  than  when 
one  planet  acts  upon  another,  as  well  because  of  the  extreme 
comparative  lightness  of  the  comet,  as  of  the  great  eccentricity 
of  its  orbit,  which  sometimes  actually  or  nearly  intersects  the 
paths  of  several  planets,  and  especially  those  of  the  larger  ones, 
yet  still  such  planetary  attractions  are  only  disturbances,  and 
cannot  be  supposed  to  efface  that  character  which  the  orbit 
receives  from  the  predominant  force  of  the  immense  mass  of  the 
sun.  Wliile  therefore  we  may  be  prepared  for  the  possibility, 
and  even  the  probability,  that  the  same  periodic  comet  on 
the  occasion  of  its  successive  re-appearances,  may  follow  a  path 
gf*  ag"  in  passing  to  and  from  its  perihelion,  differing  to  some 
extent  from  that  which  it  had  followed  on  previous  appearances, 
yet  in  the  main  such  differences  cannot,  except  in  rare  and 
exceptional  cases,  be  very  considerable,  and  for  the  same  reason 
the  intervals  between  its  successive  periods,  though  they  may 
differ,  cannot  be  subject  to  any  very  great  variation. 

3015.  Periodicity^  combined  with  the  identity  of  the  paths 
while  visible^  establishes  identity. — If  then,  on  examining  the 
various  comets  whose  appearances  have  been  recorded,  and 
whose  places  while  visible  have  been  observed,  and  on  computing 
from  the  apparent  places  the  arc  of  the  orbit  through  which  they 
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moved,  it  be  found  that  two  or  more  of  them,  while  invisible, 
moved  in  the  same  path,  the  presumption  will  be  that  these 
were  the  same  body  re-appearing  after  having  completed  its 
motion  in  an  elliptic  orbit;  nor  should  this  presumption  of 
identity  be  hastily  rejected  because  of  the  existence  of  any  dis- 
crepancies between  the  observed  paths,  or  any  inequality  of  the 
intervals  between  its  successive  re-appearances,  so  long  as  such 
discrepancies  can  fairly  be  ascribed  to  the  possible  disturbances 
produced  by  planets^  which  the  comet  might  have  encountered 
in  its  path. 

3016.  Mani/  comets  recorded — few  observed. — Many  comets, 
however,  have  been  recorded^  but  not  observed.  Historians  have 
mentioned,  and  even  described,  their  appearances,  and  in  some 
cases  have  indicated  the  chief  constellations  through  which  such 
bodies  passed,  although  no  observations  of  their  apparent  places 
have  been  transmitted  by  which  any  close  approximation  to 
their  actual  paths  could  be  made.  Nevertheless,  even  in  these 
cases,  some  clue  to  their  identification  is  supplied.  The  intervals 
between  their  appearances  alone  is  a  highly  probable  test  of 
identity.  Thus  if  comets  were  regularly  recorded  to  have  ap- 
peared at  intervals  of  fifty  years  (no  circumstance  affording 
evidence  of  the  diversity  of  these  objects),  they  might  be 
assumed,  with  a  high  degree  of  probability,  to  be  the  successive 
returns  of  an  elliptic  comet  having  that  interval  as  its  period. 

3017.  Classification  of  the  cometary  orbits, — The  appear- 
ances of  about  400  comets  had  been  recorded  in  the  annals 
of  various  countries  before  the  end  of  the  seventeenth  century, 
the  epoch  signalised  by  the  discoveries  and  researches  of  Newton. 
In  most  cases,  however,  the  only  circumstance  recorded  was 
the  appearance  of  the  object,  accompanied  in  many  instances 
with  details  bearing  evident  marks  of  exaggeration  respecting 
its  magnitude,  form,  and  splendour.  In  some  few  cases,  the  con- 
stellations through  which  the  object  passed  successively,  with 
the  necessary  dates,  are  mentioned,  and  in  some,  fewer  still, 
observations  of  a  rough  kind  have  been  handed  down.  From 
such  scanty  data,  eagerly  sought  for  in  the  works  preserved  in 
different  countries,  sufficient  materials  have  been  collected  for 
the  computation,  with  more  or  less  approximation,  of  the  ele- 
ments of  the  orbits  of  about  sixty  of  the  400  comets  above 
mentioned. 

Since  the  time  of  Newton,  Halley,  and  their  contemporaries, 
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obserrers  have  been  more  active,  and  have  had  the  command 
of  instruments  of  considerable  and  constantlj  increasing  power ; 
so  that  every  comet  which  has  been  visible  from  the  northern 
hemisphere  of  the  earth  since  that  time,  has  been  observed  with 
continually  increasing  precision,  and  data  have  been  in  all  cases 
obtained,  by  which  the  elements  of  the  orbits  have  been  calcu- 
lated* Since  the  year  1700,  accordingly,  about  140  have  been 
observed,  the  elements  of  the  orbits  of  which  have  been  ascer- 
tained with  great  precision. 

It  appears^  therefore,  that  of  the  entire  number  of  comets 
which  have  appeared  in  the  firmament,  the  orbits  of  about  200 
have  been  ascertained.  Of  this  number  forty  have  been  ascer- 
tained, some  conclusively,  others  with  more  or  less  probability, 
to  revolve  in  elliptic  orbits. 

Seven  have  passed  through  the  system  in  hyperbolas,  and 
consequently  will  not  visit  it  again,  unless  they  be  thrown  into 
other  orbits  by  some  disturbing  force. 

One  hundred  and  sixty  have  passed  through  the  system 
either  in  parabolic  orbits,  or  in  ellipses  of  such  extreme  eccen- 
tricity as  to  be  undistinguishable  from  parabolas  by  any  data 
suppHed  by  the  observations. 

n.  Elliptic  Comets  revolving  within  the  orbit  of 
Saturn. 

8018.  EnckS*8  comet. — In  1818,  a  comet  was  observed  at 
Marseilles^  on  the  26th  of  November,  by  M.  Pons.  In  the 
following  January,  its  path  being  calculated,  M.  Arago  imme- 
diately recognised  it  as  identical  with  one  which  had  appeared 
in  1805.  Subsequently,  M.  Encke  of  Berlin  succeeded  in  cal- 
culating its  entire  orbit — inferring  the  ihvisible  from  the  visible 
part — and  found  that  its  period  was  about  twelve  hundred  days. 
This  calculation  was  verified  by  the  fact  of  its  return  in  1822, 
since  which  time  the  comet  has  gone  by  the  name  oi  Encke* s 
cornet^  and  returned  regularly. 

It  may  be  asked.  How  it  could  have  happened  that  a  comet 
which  made  its  revolution  in  a  period  so  short  as  three  years 
and  a  quarter,  should  not  have  been  observed  until  so  recent  an 
epoch  as  1818  ?  This  is  explained  by  the  fact  that  the  comet  is 
so  small,  and  its  light  so  feeble  even  when  in  the  most  favour- 
able position,  that  it  can  only  be  seen  with  the  aid  of  the 
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telescope,  and  not  even  with  this  except  under  certain  con* 
ditions  which  are  not  fulfilled  on  the  occasion  of  every  peri- 
helion passage.  Neyertheless,  the  comet  was  observed  on  three 
former  occasions,  and  the  general  elements  of  its  path  recorded^ 
although  its  elliptic,  and  consequently  periodic  character,  was 
not  recognised. 

On  comparing,  however,  the  elements  then  observed  with 
those  of  the  comet  now  ascertained^  no  doubt  can  be  entertained 
of  their  identity. 

3019.  Table  of  the  elements  of  the  orbit — In  the  following 
table  are  given  the  elements  of  the  orbit  of  this  comet,  as 
computed  from  the  observations  made  upon  it  at  each  of  its 
three  appearances  in  1786,  1795,  and  1805,  before  its  periodic 
character  was  discovered,  and  at  its  eleven  subsequent  appear* 
ances  up  to  1852. 

TABLE  I. 
Elements  of  the  Orbit  of  Encke's  Ck>met  to  1S52. 
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0-8445 
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0-8446 
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0-8450 
0-8438 
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0-8478 
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0*8518 
0*3344 
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0  3374 
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334    84    59 
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Jan.  30.      SI       7 
nee.  81.      10    44 
Not.  81.      IS       9 
Jan.  87.        6     18 
May  83.      83     16 
Sepul6.       6     43 
Jan.  9.        18      8 
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AUK.  86.        8     49 
Dec  19.        0    97 
April  IS.       0    86 
AiiK.9.       15     11 
Not.  86.        8  -I-  0 

The  motion  of  this  comet  is  direct  *,  and  its  period  in  1852 
was  3*29616  years,  which  is  subject  to  a  slight  variation. 

It  is  evident  that  between  1786  and  1795  there  were  two, 
between  1795  and  1805  two,  and,  in  fine,  between  1805  and 
1819  three,  unobserved  returns  to  perihelion. 

It  appears,  therefore,  that,  excepting  the  oval  form  of  the 
orbit,  the  motion  of  this  body  differs  in  nothing  from  that  of  a 
planet  whose  mean  distance  from  the  sun  is  that  of  the  nearest 
of  the  planetoids.  Its  eccentricity  is  such,  however,  that  when 
in  perihelion  it  is  within  the  orbit  of  Mercury,  and  when  in. 
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aphelion  it  is  outside  the  most  distaDt  of  the  planetoids,  and  at  a 
distance  from  the  sun  equal  to  four-fifths  of  that  of  Jupiter. 

3020.  Indications  of  the  effects  of  a  resisting  medium.  —  A 
fact  altogether  anomalous  in  the  motions  of  the  bodies  of  the 
solar  system^  and  indicating  a  consequence  of  the  highest  phy- 
sical importance,  has  been  disclosed  in  the  observation  of  the 
motion  of  this  comet  It  has  been  found  that  its  periodic  time, 
and  consequently  its  mean  distance,  undergoes  a  slow,  gradual, 
and  apparently  regular  decrease.  The  decrease  is  small,  but 
not  at  all  uncertain.  It  amounted  to  about  a  day  in  ten  re- 
volutions, a  quantity  which  could  not  by  any  means  be  placed 
to  the  account  either  of  errors  of  observation  or  of  calculation ; 
and,  besides,  this  increase  is  incessant,  whereas  errors  would 
aflect  the  result  sometimes  one  way  and  sometimes  the  other. 
The  period  of  the  comet  between  1786  and  1795  was  1208^ 
days?  between  1795  and  1805  it  was  1207Tft^day8;  between 
1805  and  1819  it  was  1207-^  days  ;  in  1845  it  was  1205^  days ; 
and,  in  fine,  in  1852  it  was  1204  days. 

The  magnitude  of  the  orbit  thus  constantly  decreasing  (for 
the  cube  of  its  greater  axis  must  decrease  in  the  same  pro- 
portion as  the  square  of  the  period),  the  actual  path  followed 
by  the  comet  must  be  a  sort  of  elliptic  spiral,  the  successive 
coils  of  which  are  very  close  together,  every  successive  re- 
volution bringing  the  comet  nearer  and  nearer  to  the  sun. 

Such  a  motion  could  not  arise  from  the  disturbing  action  of 
the  planets.  These  forces  have  been  taken  strictly  into  account 
in  the  computation  of  the  ephemerides  of  the  comet,  and  there 
is  still  found  this  residual  phenomenon,  which  cannot  be  placed 
to  their  account,  but  which  is  exactly  the  effect  which  would 
arise  from  any  physical  agency  by  which  the  tangential  motion 
of  the  comet  would  be  feebly  but  constantly  resisted.  Such  an 
agency,  by  diminishing  the  tangential  velocity,  would  give  in- 
creased efiicacy  to  the  solar  attraction,  and,  consequently,  in- 
creased curvature  to  the  comet's  path ;  so  that,  after  each 
revolution,  it  would  revolve  at  a  less  distance  from  the  centre 
of  attraction. 

3021.  The  luminiferous  ether  would  produce  such  an  effect 
—  It  is  evident  that  a  resisting  medium,  such  as  the  lumini- 
ferous ether  (1225.)  is  assumed  to  be  in  the  hypothesis  which 
forms  the  basis  of  the  undulatory  theory  of  light,  would  produce 
just  such  a  phenomenon,  and,  accordingly  the  motion  of  this. 
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oomet  is  regarded  as  a  strong  eyidence  tending  to  convert  that 
hypothetical  fluid  into  a  real  physical  agent. 

It  remains  to  he  seen  whether  a  like  phenomenon  will  he 
developed  in  the  motion  of  other  periodic  comets.  The  dis- 
covery of  these  hodies,  and  the  ohservation  of  their  motions,  are 
as  yet  too  recent  to  enable  astronomers,  notwithstanding  their 
greatly  multiplied  number,  to  pronounce  decisively  upon  it 

3022.  Comets  would  ultimately  fall  into  the  sun.-^lf  the 
existence  of  this  resisting  medium  should  be  established  by  its 
observed  effects  on  comets  in  general,  it  will  follow  that,  after 
the  lapse  of  a  certain  time  (many  ages,  it  is  true,  but  still  a 
definite  interval),  the  comets  will  be  successively  absorbed  by 
the  sun,  unless,  as  is  not  improbable,  they  should  be  previously 
vaporized  by  their  near  approach  to  the  solar  fires,  and  should 
thus  be  incorporated  with  his  atmosphere.* 

3023.  Why  like  effects  are  not  manifested  in  the  motion  of 
the  planets, — It  may  be  asked.  If  the  existence  of  a  resisting 
medium  be  admitted,  whether  the  same  ultimate  fate  must  not 
await  the  planets  ?  To  this  inquiry  it  may  be  answered  that^ 
within  the  limits  of  past  astronomical  record,  the  ethereal 
medium,  if  it  exist,  has  had  no  sensible  effect  on  the  motion  of 
any  planet.  That  it  might  have  a  perceptible  effect  upon  comets, 
and  yet  not  upon  planets,  will  not  be  surprising,  if  the  extreme 


*  In  the  efforts  by  which  the  hnman  mind  labours  after  tmth,  it  is 
cmions  to  obsenre  how  often  that  desired  object  is  stombled  upon  by  acci- 
dent, or  arrived  at  by  reasoninff  which  is  false.  One  of  Newton's  con- 
jectures respecting  comets  was,  that  they  are  **  Uie  aliment  by  which  suns 
are  sustained ;  **  and  he  therefore  concluded  that  these  bodies  were  in  a  state 
of  progressive  decline  upon  the  sons,  round  which  they  respectively  swept ; 
and  that  into  these  suns  they  Irom  time  to  time  felL  This  opinion  appears 
to  haye  been  cherished  by  Newton  to  the  latest  hours  of  Ws  life :  he  not 
only  consigned  it  to  his  immortal  writings ;  but,  at  the  age  of  eighty-three,  a 
conversation  took  place  between  him  and  his  nephew  on  this  subject,  which 
has  come  down  to  us.  **  I  cannot  say,"  said  Newton,  **  when  the  comet  of 
1680  will  fall  into  the  sun:  possibly  after  five  or  six  revolutions ;  but  when- 
ever that  time  shall  arrive,  the  heat  of  the  sun  will  be  raised  by  it  to  such  a 
point,  that  our  globe  will  be  burnt,  and  aU  the  animals  upon  it  will  perish. 
The  new  stars  observed  by  Hipparchus,  T^cho,  and  Kepler,  must  have  pro- 
ceeded from  such  a  cause,  for  it  is  impossible  otherwise  to  explain  their 
sudden  splendour."  His  nephew  then  asked  him,  **  Why,  when  he  stated  in 
his  writings  that  comets  would  fall  into  the  sun,  did  he  not  also  state  those 
vast  fires  they  must  produce,  as  he  supposed  they  had  done  in  the  stars?** 
— •*  Because,**  replied  the  old  man,  "  the  conflagrations  of  the  sun  concern 
us  a  little  more  directly.  I  have  said,  however/*  added  he,  smiling,  '*  enough 
to  enable  the  world  to  collect  my  opinion.** 
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lightness  of  the  comets  compared  with  their  bulk  be  considered. 
The  effect  in  the  two  cases  may  be  compared  to  that  of  the 
atmosphere  upon  a  piece  of  swan's  down  and  upon  a  leaden 
bullet  moving  through  it  It  is  certain  that  whatever  may  be 
the  nature  of  this  resisting  medium,  it  will  not,  for  many 
hundred  years  to  come,  produce  the  slightest  perceptible  effect 
upon  the  motions  of  the  planets. 

8024.  Corrected  estimate  of  the  mass  of  Mercury.  —  The 
masses  of  comets  in  general  are,  as  will  be  explained,  incom- 
parably smaller  than  those  of  the  smallest  of  the  planets ;  so 
much  so,  indeed,  as  to  bear  no.  appreciable  ratio  to  them.  A 
consequence  of  this  is,  that  while  the  effects  of  their  attraction 
upon  the  planets  are  altogether  insensible,  the  disturbing  effects 
of  the  masses  of  the  planets  upon  them  are  very  considerable* 
These  disturbances,  being  proportional  to  the  disturbing  massesi^ 
may  then  be  used  as  measures  of  the  latter,  just  as  the  move- 
ment of  the  pith -ball  in  the  balance  of  torsion  supplies  a 
measure  of  the  physical  forces  to  which  that  instrument  is 
applied. 

Enck^'s  comet  near  its  perihelion  passes  near  the  orbit  of 
Mercury ;  and  when  that  planet  at  the  epoch  of  its  perihelion 
happens  to  be  near  the  same  point,  a  considerable  and  measurable 
disturbance  is  manifested  in  the  comet's  motion,  which  being 
observed  supplies  a  measure  of  the  planet's  mass. 

This  combination  of  the  motions  of  the  planet  and  comet 
took  place  under  very  favourable  circumstances,  on  the  occasion 
of  the  perihelion  passage  of  the  comet  in  1838,  the  result  of 
which,  according  to  the  calculations  of  Professor  Enck^,  was 
the  discovery  of  an  error  of  large  amount  in  the  previous 
estimates  of  the  mass  of  the  planet.  Af^er  making  every 
allowance  for  other  planetary  attractions,  and  for  the  effects  of 
the  resisting  medium,  the  existence  of  which  it  appears  neces- 
sary to  admit,  it  was  inferred  that  the  mass  assigned  to  Mercury 
by  Laplace  was  too  great  in  the  proportion  of  12  to  7. 

This  question  is  still  under  examination,  and  every  succeeding 
perihelion  passage  of  the  comet  will  increase  the  data  by  which 
its  more  exact  solution  may  be  accomplished. 

3025.  Biela's  comet.'—On  February  28th,  1826,  M.  Biela,  an 
Austrian  officer,  observed  in  Bohemia  a  comet,  which  was  seen 
at  Marseilles  at  about  the  same  time  by  M.  Gambart.  The 
path  which  it  pursued,  was  observed  to  be  similar  to  that  of 
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comets  Which  had  appeared  in  1772  and  1806.  Finally,  it  was 
found  that  this  body  moyed  round  the  sun  in  an  oval  orbit,  and 
that  the  time  of  its  revolution  was  about  6  years  and  8 
months.  It  has  since  returned  at  its  predicted  times,  and  has 
been  adopted  as  a  member  of  our  system,  under  the  name  of 
Biela's  comet. 

Biela's  comet  moves  in  an  orbit  whose  plane  is  inclined  at  a 
small  angle  to  those  of  the  planets.  It  is  but  slightly  oval,  the 
length  being  to  the  breadth  in  the  proportion  of  about  four  to 
three.  When  nearest  to  the  sun,  its  distance  is  a  little  less 
than  that  of  the  earth ;  and  when  most  remote  from  the  sun, 
its  distance  somewhat  exceeds  that  of  Jupiter.  Thus  it  ranges 
through  the  solar  system,  between  the  orbits  of  Jupiter  and  the 
earth. 

This  comet  had  been  observed  in  1772  and  in  1806;  but  the 
elliptic  form  of  its  orbit,  and  consequently  its  periodicity,  was 
not  discovered.  Its  return  to  perihelion  was  predicted  and 
observed  in  1832,  in  1846,  and  in  1852 ;  but  that  which  took 
place  in  1838  escaped  observation,  owing  to  its  unfavourable 
position  and  extreme  faintness. 

The  elements  of  the  orbit,  deduced  from  the  observations 
made  on  each  of  its  appearances  to  1846  inclusive,  are  given  in 
Table  U.  We  have  not  yet  obtained  calculations  of  its  elements 
from  observations  made  in  1862.  It  was  first  seen  in  that  year 
by  Professor  Secchi  at  Rome,  on  September  16th,  and  continued 
to  be  seen  for  three  weeks.  It  was  preceded  in  right  ascension 
about  two  minutes  of  time  by  a  still  fainter  comet,  whose  real 
distance  from  it  must  have  been  about  a  million  and  a  quarter 
miles. 

TABLE  n. 

Elements  of  the  Orbit  of  Biela's  Ck)met  to  1846. 
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8026.  Possibility  of  the  collision  of  Biela's  comet  with  the 


Digitized  by 


Google 


526  ASTRONOMY. 

earth, — One  of  the  points  at  which  the  orbit  of  Biela's  comet 
intersects  the  plane  of  the  ecliptic,  is  at  %  distance  from  the 
earth's  orbit  less  than  the  sum  of  the  semi-diameters  of  the 
earth  and  the  comet  It  follows,  therefore  (2905.),  that  if  the 
comet  should  arrive  at  this  point  at  the  same  moment  at  which 
the  earth  passes  through  the  point  of  its  orbit  which  is  nearest 
to  it,  a  portion  of  the  globe  of  the  earth  must  penetrate  the 
comet 

It  was  estimated  on  the  occasion  of  the  perihelion  passage  of 
this  comet  in  1832,  that  the  semi-diameter  of  the  comet  (that 
body  being  nearly  globular,  and  having  no  perceptible  tiul)  was 
21,000  miles,  while  the  distance  of  the  point  at  which  its  centre 
passed  through  the  plane  of  the  ecliptic,  on  the  29th  October  in 
that  year,  from  the  path  of  the  earth  was  only  18,600  miles.  If 
the  centre  of  the  earth  happened  to  have  been  at  the  point  of 
its  orbit  nearest  to  the  centre  of  the  comet  on  that  day,  the 
distance  between  the  centres  of  the  two  bodies  would  have  been 
only  18,600  miles,  while  the  semi-diameter  of  the  comet  was 
21,000  miles;  and  the  semi-diameter  of  the  earth  being  in 
round  numbers  4000  miles^  it  would  fellow  that  in  such  a  con- 
tingency the  earth  would  have  plunged  into  the  comet  to  a 
depth  of 

21,000  +  4000  -  18,600  =  6400  miles, 

a  depth  exceeding  three-fourths  of  the  earth's  diameter. 

The  possibility  of  such  a  catastrophe  having  been  rumoured, 
great  popular  alarm  was  excited  before  the  expected  return  of 
tlie  comet  in  1832.  It  was,  however,  shown  that  on  the  29th 
October  the  earth  would  be  about  five  millions  of  miles  from 
the  point  of  danger,  and  that  on  the  arrival  of  the  earth  at  that 
point  the  comet  would  have  moved  to  a  still  greater  distance. 

3027*  Resolution  of  Biela^s  comet  into  two*  —  One  of  the 
most  extraordinary  phenomena  of  which  the  history  of  astro- 
nomy affords  any  example,  attended  the  appearance  of  this 
comet  in  1846.  It  was  on  that  occasion  seen  to  resolve  itself 
into  two  distinct  comets,  which,  from  the  latter  end  of  December, 
1845  to  the  epoch  of  its  disappearance  in  April,  1846,  moved 
in  distinct  and  independent  orbits.  The  paths  of  these  two 
bodies  were  in  such  optical  juxtaposition  that  both  were  always 
seen  together  in  the  field  of  view  of  the  telescope,  and  the 
greatest  visual  angle  between  their  centres  did  not  amount  at 
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any  time  to  10',  the  variation  of  that  angle  arising  principally 
from  the  change  of  direction  of  the  visual  line,  relatively  to  the 
line  joining  their  centres,  and  to  the  change  of  the  comet's 
distance  from  the  earth. 

M.  Plantamour,  director  of  the  Observatory  of  Geneva,  cal* 
calated  the  orbits  of  these  two  comets,  considered  as  independent 
bodies ;  and  found  that  the  real  distance  between  their  centres 
was,  subject  to  but  little  variation  while  visible,  about  thirty- 
nine  semi-diameters  of  the  earth,  or  two-thirds  of  the  moon's 
distance.  The  comets  moved  on  thus  side  by  side,  without 
manifesting  any  reciprocal  disturbing  action ;  a  circumstance  no 
way  surprising,  considering  the  infinitely  minute  masses  of 
such  bodies. 

3028.  Changes  of  appearance  attending  the  separation,  — - 
The  original  coinet  was  apparently  a  globular  mass  of  nebulous 
matter,  semi-transparent  at  its  very  centre,  no  appearance  of  a 
tail  being  discoverable.  After  the  separation,  both  comets  had 
short  tails,  parallel  in  their  direction,  and  at  right  angles  to  the 
line  joining  their  centres ;  both  had  nuclei.  From  the  day  of 
their  separation  the  original  comet  decreased,  and  the  companion 
increased  in  brightness  until  (on  the  10th  February)  they  were 
sensibly  equaL  After  this  the  companion  still  increased  in  bright- 
ness, and  from  the  14th  to  the  16th  was  not  only  greatly  su- 
perior in  brightness  to  the  original,  but  had  a  sharp  and  starlike 
nucleus  compared  to  a  diamond  spark.  The  change  of  bright- 
ness was  now  reversed,  the  original  comet  recovering  its  supe- 
riority, and  acquiring  on  the  18th  the  same  appearance  as  the 
companion  had  from  the  14th  to  the  16th.  After  this  the  com- 
panion gradually  faded  away,  and  disappeared  previously  to  the 
final  disappearance  of  the  original  comet  on  22nd  April 

It  was  observed  also  that  a  thin  luminous  line  or  arc  was 
thrown  across  the  space  which  separated  the  centres  of  the  two 
nuclei,  especially  when  one  or  the  other  had  attained  its  greatest 
brightness,  the  arc  appearing  to  emanate  from  that  which  for 
the  moment  was  the  brighter. 

After  the  disappearance  of  the  companion,  the  original  comet 
threw  out  three  faint  tails,  forming  angles  of  120°  with  each 
other,  one  of  which  was  directed  to  the  place  which  had  beec 
occupied  by  the  companion. 

It  is  suspected  that  the  faint  comet  which  was  observed  by 
Prof.  Secchi  to  precede  Biela's  comet  in  1852,  may  have  been  the 
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companion  thus  separated  from  it,  and  if  so,  the  separation 
must  be  permanent,  the  distance  between  the  parts  being  greater 
than  that  which  separates  the  earth  from  the  sun. 

3029.  Fay^s  comet — On  the  22nd  November,  1843,  M.  Faye, 
of  the  Paris  Observatory,  discovered  a  comet,  the  path  of  which 
soon  appeared  to  be  incompatible  with  the  parabolic  character. 
Dr.  Goldschmidt  showed  that  it  moved  in  an  ellipse  of  very 
limited  dimensions,  with  a  period  of  7^  years.  It  was  imme- 
diately observed  as  being  extraordinary,  that,  notwithstanding 
the  frequent  returns  to  perihelion  which  such  a  period  would 
infer,  its  previous  appearances  had  not  been  recorded.  M.  Faye 
replied  by  showing  that  the  aphelion  of  the  orbit  passed  very 
near  to  the  path  of  Jupiter,  and  that  it  was  possible  that  the 
violent  action  of  the  great  mass  of  that  planet,  in  such  close 
proximity  with  the  comparatively  light  mass  of  the  comet^  might 
have  thrown  the  latter  body  into  its  present  orbit,  its  former 
path  being  either  a  parabola  or  an  ellipse,  with  such  elements 
as  to  prevent  the  comet  from  coming  within  visible  distance. 
M.  Faye  supported  these  observations  by  reference  to  a  more 
ancient  comet,  which  we  shall  presently  notice,  to  which  a  like 
incident  is  supposed  with  much  probability,  if  not  certainty,  to 
have  occurred. 

3030.  Be-appearance  in  1850-1  calculated  by  M.  Le  Ver- 
tier, — Th&  observations  which  had  been  made  in  1843,  at  several 
observatories,  but  more  especially  those  made  by  M.  Struve  at 
Pnltowa,  who  continued  to  observe  the  comet  long  after  it 
ceased  to  be  observed  elsewhere,  supplied  to  M.  Le  Yerrier  the 
data  necessary  for  the  calculation  of  its  motion  in  the  interval 
between  its  perihelion  in  1843  and  its  expected  re-appearance 
in  1850-1,  subject  to  the  disturbing  action  of  the  planets,  and 
predicted  its  succeeding  perihelion  for  the  3rd  of  April,  1851. 

Aided  by  the  formulae  of  M.  Le  Verrier,  Lieutenant  Stratford 
calculated  a  provisional  ephemeris  in  1850,  by  which  observers 
might  be  enabled  more  easily  to  detect  the  comet,  which  was 
the  more  necessary  as  the  object  is  extremely  faint  and  small, 
and  not  capable  of  being  seen  except  by  means  of  the  most 
perfect  telescopes.  By  means  of  this  ephemeris,  Professor 
Challis,  of  Cambridge,  found  the  comet  on  the  night  of  the 
28th  November  very  nearly  in  the  place  assigned  to  it  in  the 
tables.  Two  observations  only  were  then  made  upon  it,  which, 
however,  were  sufficient  to  enable  M.  Le  Verrier  to  give  still 
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greater  precision  to  his  formtilflB,  by  assigning  a  definite  nnihe^ 
rical  valoe  to  a  small  quantity  which  before  was  left  indeter* 
minate.  lientenant  Stratford,  with  the  formula  thus  corrected; 
calcolated  a  more  extensive  and  exact  ephemeris,  extending  to 
the  last  day  of  KftrCh,  and  published  it  in  Januarys  IS^l,  in 
the  Nautical  Almanack* 

The  comet,  though  extremely  faint  and  small,  and  conse* 
quendy  difficult  of  obsenration,  continued  to  be  observed  by 
Professor  Challis  with  the  great  Northumberland  telescope  at 
Cambridge,  and  by  M*  Struve  at  Pultowa,  and  it  was  found  to 
move  in  exact  acoordanoe  with  the  predictions. 

aOdL  De  Vieo*8  oamet—Oa  the  22nd  August,  18H  M.  de 
Vico^  of  the  Boman  Observatory,  discovered  a  comet  whose 
orlut  was  soon  afterwards  proved  by  M.  Faye  to  be  an  ellipse 
aS  moderate  eccentricity,  with  a  period  of  about  5^  years.  It 
arrived  at  its  perihelion  on  the  2nd  of  September,  and  eontinued 
to  be  observed  until  the  7th  of  December.  The  return  of  this 
comet  to  perihelion  was  predicted  fot  March,  1851 ;  but,  owing 
most  probably  to  it»>apparent  proximi^  to  the  sun,  it  was  not 
seen.  It  will  be  more  favourably  dituate  on  its  next  return  in 
1835.  Dr.  Brwnow  bas  computed  the  effects  of  the  planetary 
perturbations  upon  it;  so  that  an  ephemeris  of  its  positions  in 
the  heavens  for  that  year,  will  be  placed  in  the  hands  of  ob- 
servers. It  will  pass  through  its  perihelion  on  the  6th  August, 
1855. 

^  M.  Le  Yerrier  has  made  some  computations,  which  render  it 
somewhat  probable  that  a  comet  which  passed  its  perihelion  in 
August,  1678,  is  identical  with  that  discovered  by  De  Yico. 

3032.  Brorsen*s  comei.-^  On  the  26th  of  February,  1846,  M. 
Brorsen,  of  Kiel,  discovered  a  faint  comet,  which  was  soon  found 
to  move  in  an  elliptic  orbit,  with  aperiod  of  about  6^  years.  Its 
position  in  the  heavens  not  being  favourable,  the  observations 
upon  it  were  few,  and  the  resulting  dements,  consequently,  not 
ascertiuiied  with  all  the  precisioi^  that  might  be  desired.  Its 
re-appearance  on  its  approach  to  the  succeeding  perihelion,  was 
expected  from  September  to  November,  1851.  It  escaped  ob- 
servation however,  owing  to  its  unfavourable  position  in  re- 
lation to  the  sun.  Its  next  perihelion  passage  will  take  phice 
in  1857. 

3033.  ly Arrest's  comet.— On  the  27th  of  June,  1851,  Dr. 
d' Arrest,  of  the  Leipsic  Observatory,  discovered  a  fSunt  ccmiet, 
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which  IL  YilUuroeMiz  proved  to  move  in  an  elliptic  <nUt»  with 
a  period  of  aboot  6^  yean.  The  next  perihelion  passage  of 
this  comet  will  take  place  in  the  end  of  1857,  or  the  beginning 
of  1858. 

8084.  EUipHe  eamei  o/*1748. — A  revision  of  the  recorded 
observations  of  former  comets  hj  the  more  active  and  intelligent 
seal  of  modem  mathematicians  and  computers,  has  led  to  the 
discovery  of  the  great  probability  of  several  among  them  having 
revolved  in  elliptic  orbits,  with  periods  not  differing  considerably 
from  those  of  ^e  comets  above  mentioned.  The  fact  that  tiiese 
comets  have  not  been  re-observed  on  their  successive  returns 
through  perihelion,  maybe  explained,  either  by  the  difficulty  of 
observing  them,  owing  to  their  unfavourable  positions,  and  the 
circumstance  of  observen  not  expecting  their  re-appearance,  their 
periodic  character  not  being  then  suspected ;  or  because  they 
may  have  been  thrown  by  the  disturbing  action  of  the  larger 
planets  into  orbits  such  as  to  keep  them  continually  out  of  the 
range  of  view  of  terrestrial  observers. 

Am(mg  those  may  be  mentioned  a  comet  which  appeared  in 
1743,  and  was  observed  by  Zanetti  at  Bologna ;  the  observations 
indicate  an  elliptic  orbit,  with  a  period  of  about  5^  years. 

8085.  EU^Hc  comet  of  1766.— Tins  comet,  which  was  ob« 
served  by  Messier,  at  Paris,  and  by  La  Nux,  at  the  Isle  of 
Bourbon,  revolved,  acceding  to  the  calculations  of  Burckhardt, 
in  an  ellipse  with  a  period  of  5  years. 

8086.  LexeWt  comet — The  history  of  astronomy  has  re- 
corded one  singular  example  of  a  comet  which  appeared  in  the 
system,  made  two  revolutions  round  the  sun  in  an  elliptic  orbit, 
and  then  disappeared,  never  having  been  seen  either  before  or 
since. 

This  comet  was  discovered  by  Messier,  in  June  1770,  in  the 
constellation  of  Sagittarius  between  the  head  and  the  northern 
extremity  of  the  bow,  and  was  observed  during  that  month. 
It  disappeared  in  July,  being  lost  in  the  sun's  rays.  After 
passing  through  its  perihelion,  it  re-appeared  about  the  4th  of 
August,  and  continued  to  be  observed  until  the  first  days  of 
October,  when  it  finally  disappeared. 

All  the  attempts  of  the  astronomera  of  that  day  failed  to 
deduce  the  path  of  this  comet  from  the  observations,  until  nx 
yeara  later^  in  1776,  LexeU  showed  that  the  observations  were 
explained,  not,  as  had  been  assumed  previously,  by  a  parabolic 
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patb,  but  hj  an  ellipse,  and  one,  moreover,  without  any  example 
at  that  epoch,  which  indicated  the  short  period  of  5^  years. 

It  was  immediately  objected  to  such  a  solution,  that  its 
admission  would  inyolve  the  consequence  that  the  comet,  with 
a  period  so  short,  and  a  magnitude  and  splendour  such  as  it 
exhibited  in  1770,  must  have  been  frequently  seen  on  former 
returns  to  perihelion ;  whereas  no  record  of  any  such  appearance 
was  found. 

To  this  Lexell  replied,  by  showing  that  the  elements  of  its 
orbit,  derived  firom  the  observations  made  in  1770,  were  such 
that  at  its  previous  aphelion,  in  1767,  the  comet  must  have 
passed  within  a  distance  of  the  planet  Jupiter  fifty-eight  times 
less  than  its  distance  from  the  sun ;  and  that  consequently  it  must 
then  have  sustained  an  attraction  from  the  great  mass  of  that 
planet,  more  than  three  times  more  energetic  than  that  of  the 
sun ;  that  consequently  it  was  thrown  out  of  the  orbit  in  which 
it  previously  moved,  into  the  elliptic  orbit  in  which  it  actually 
moved  in  1770 ;  that  its  orbit  previously  to  1767  was,  according 
to  all  probability,  a  parabola ;  and,  in  fine,  that  consequently 
moving  in  an  eUiptic  orbit  from  1767  to  1770,  and  having  the 
periodicity  consequent  on  such  motion,  it  nevertheless  moved 
only  for  the  first  time  in  its  new  orbit,  and  had  never  come 
within  the  sphere  of  the  sun's  attraction  before  this  epoch. 

Lexell  further  stated,  that  since  the  comet  passed  through 
its  aphelion,  which  nearly  intersected  Jupiter's  orbit,  at  in- 
tervals of  somewhat  above  5^  years,  and  it  encountered  the 
planet  near  that  point  in  1767,  the  period  of  the  planet 
being  somewhat  above  11  years,  the  planet  after  a  single 
revolution  and  the  comet  after  two  revolutions  must  necessarily 
again  encounter  each  other  in  1779 ;  and,  that  since  the  orbit 
was  such  that  the  comet  must  in  1779  pass  at  a  distance  from 
Jupiter  500  times  less  than  its  distance  from  the  sun,  it  must 
suffer  from  that  planet  an  action  250  times  greater  than  the 
sun's  attraction,  and  that  therefore  it  would  in  all  probability 
be  again  thrown  into  a  parabolic  or  hyperbolic  path ;  and  if  so, 
that  it  would  depart  for  ever  from  our  system  to  visit  other 
spheres  of  attraction.  Lexell,  therefore,  anticipated  the  final 
disappearance  of  the  comet,  which  actually  took  plaqe. 

In  the  interval  between  1770  and  1779,  the  comet  returned 
once  to  perihelion ;  but  its  position  was  such  that  it  was  above 
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the  horiflOB  only  dariQg  the  cUiyi  add  could  toot  ja  the  aetval 
statQ  of  science  be  obsenred*  •  ♦ ) 

3037.  Anaiyti$  qf^i^laee  applied  to  LexelTe  emmt,%yAt 
this  epoch  nntlpicfl  acieoce  had  not  ^et  flupplied  «  definite 
eolation  of  the  proUeyi  of  cometary  dietarbaacee.  At  ^  .later 
period  the  questiop  was  renamed  by  Lapkce  who  in  his  cele- 
brated work,  ikiJIfScaniqufic&este  gave  the  general  solution 
of  the  following  problem. 

'<  The  actual  orbit  of  a  ^mtimnz'ipi^Bf  what.iraa  its  orbit 
before^  and  whi|t  w;ill.be  itsort>it  jfifter.  beinf  sateiii|;ed  to  any 
given  distarjt>ing  ^icti^n.of  a-  planet  near  whidi  it  pastes  ?' 

3038.  lU  or^  brfare  1767  and  after  1770  eahuiaied  by  Aie 
formula. — ^Appljing  this  to  the  particular  ease  of  Leicell's 
comet,  and  fu»uming  as  data  the  obeerrations  recorded  in 
1770,  Laplace  showed  that,  before  sustaining  the  disturbing 
action  of  Jupiter  in  1767,  the  ocmiet  must  have  moyed  in  an 
ellipse  of  which  the  semi-axis  migor  was  13*293  and  con3equentl7 
that  its  period,  instead  of  being  5^  years,  must  have  been  48^ 
years ;  and  that  the  eccentici^  of  the  orbit  was  such  that  its 
perihelion  distance  would  be  but  little  less  than  the  meip 
distance  of  Jupiter,  and  that  consequently  it  could  neyer  have 
been  yisible.  It  followed  also  that,  after  suffisring  the  disturbing 
action  of  Jupiter  in  1779,  the  comet  passed  into  an  elliptic  orbit 
whose  semi-axis  mi^or  was  7*3,  that  its  period  was  consequently 
20  years,  and  that  its  eccentricity  was  such  that  its  perihelion 
distance  was  more  than  twice  the  distance  of  Mars,  and  that  in 
such  an  orbit  it  could  not  become  visible. 

3039.  Revuion  of  these  researches  by  M.Le  Terrier. — This 
investigation  has  recently  been  revised  by  M.  Le  Verrier*,  who 
has  shown  that  the  observations  of  1770  were  not  suffldently 
definite  and  accurate  to  justify  conclusions  so  absolute.  He 
has  shown,  that  the  orbit  of  1770  is  subject  to  an  uncertiMn^ 
comprised  between  certain  definite  limits ;  that  tracing  the  con- 
sequences of  this  to  the  positions  of  the  comet  in  1767  and  1779, 
these  positions  are  subject  to  still  wider  limits  of  uncertainty. 
Thus  he  shows  that,  compatibly  with  the  observations  of  1770, 
the  comet  might  in  1779  pass  either  considerably  outside,  or  con- 
siderably inside  Jupiter's  orbit,  or  mighty  as  it  was  supposed  to 
have  done,  have  passed  actually  within  the  orbits  of  his  satellites. 
He  deduces  in  fine  the  following  general  conclusions  :— 

*  See  M^m.  Acftd.  dee  Sdenoes,  1847, 1848. 
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].  That  if  the  coiaet  had  passed  within  the  orbits  of  the 
satellite^  it  most  have  fidlen  down  upon  the  planet  and  coalesced 
with  it ;  an  incident  which  he  thinks  highly  improbable^  though 
not  absolntelj  impossible* 

2k  The  action  of  Jopiter  may  have  thrown  the  comet  into  a 
parabolic  or  hyperbolic  orbit^  in  which  case  it  must  have  de- 
parted from  our  system  altogether,  never  to  return,  except  by 
^e  consequence  of  some  disturbance  produced  in  another  sphere 
of  attraction* 

3.  It  may  have  been  thrown  into  an  elliptic  orbit^  having  a 
great  ans  and  long  period,  and  so  placed  and  formed  that  the 
comet  could  never  become  visible ;  a  supposition  within  which 
comes  the  solution  of  Laplace. 

4.  It  may  have  had  merely  its  elliptic  elements  more  or  less 
modified  by  the  action  of  the  planet,  without  losing  its  character 
of  short  periodicity ;  a  result  which  M.  le  Verrier  thinks  the 
most  probable,  and  which  would  render  it  possible  that  this 
comet  may  still  be  identified  with  some  one  of  the  many  comets* 
of  short  period,  which  the  activity  and  sagacity  of  observers  are 
wery  yeac  discovering. 

To.  faeitiiate  such  researches  M.  Le  Verrier  has  given  a 
table^'inelading  all  the  possible  systems  of  elliptic  elements  of 
diort.  period  which  the  comet  could  have  assumed,  sutgect  to 
the  disturbing  action  of  Jupiter  in  1779,  and  taking  the  obser- 
vations of  1770  within  tfaSeir  possible  limits  of  error. 

He  further  demonstrates,  that  the  orbit  in  which  the  comet 
moved  antecedently  to  the  disturbing  action  of  Jupiter  upon 
it  in  1767,  not  only  could  not  have  been  a  parabola  or  hy- 
perbola, but  must  have  been  An  ellipse,  whose  nugor  axis  was 
considerably  less  than  that  which  Laplace  deduced  from  the 
insufficient  observations  of  Messier.  He  shows  that,  before  that 
epoch,  the  perihelion  distance  of  the  comet  could  not,  under  any 
possible  supposition,  have  exceeded  three  times  the  earth's 
mean  distance,  and  most  probably  was  included  between  1^  and 
2  times  that  distance;  and  that  the  semi-axis  m^jor  of  the  orbit 
could  not  have  exceeded  4^  times  the  earth's  mean  distance,  a. 
magnitude  3  times  less  th^  that  assigned  to  it  by  the  calcu- 
lations of  Laplace. 

8040.  Process  hy  which  the  identification  qf  periodic  cofnets 
nutif  be  decided. — It  must  not,  however,  be  supposed  that  it  is  suf- 
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fident  to  compare  the  actual  elements  of  eadi  periodic  comet 
thus  discovered,  with  the  elements  given  in  the  table  of  M.  Le 
Verrier,  and  to  infer  the  absence  of  identity  from  their  discordance. 
Such  an  inference  would  onlj  be  rendered  valid  bj  showing  that 
in  past  ages,  the  comet  in  question  had  suffered  no  serious  dis- 
turbing action  hj  which  the  elements  of  its  orbit  could  be  con- 
siderably changed.  To  decide  the  question  a  much  more 
laborious  and  difficult  process  most  be  encountered;  a  process 
from  which  the  untiring  spirit  of  M.  LeVerrier  has  not  shrunk. 
It  is  necessary,  in  fine,  to  the  satisfactory  and  conclusive  solution 
of  such  a  problem,  that  the  periodic  comet  in  question  should  be 
traced  back  through  all  its  previous  revolutions  up  to  1779,  that 
all  the  disturbances  which  it  suffered  from  the  planets  which  it 
encountered  in  that  interval  be  calculated  and  ascertained,  and 
that  by  such  means  the  orbit  which  it  must  have  had  previous 
to  such  disturbances,  in  1779,  be  determined.  Such  orbit  would 
then  be  compared  with  the  table  of  possible  orbits  <^  Lexell*s 
comet,  as  given  by  M.  le  Verrier ;  and  if  it  were  found  to  be 
identical  with  any  of  them,  the  identity  of  the  comet  in  question 
with  that  of  Lexell,  would  be  inferred  with  the  highest  degree 
of  probability ;  but  if,  on  the  other  hand,  such  descrepancies 
were  found  to  prevail  as  must  exceed  all  supposable  errors  of 
observation  or  calculation,  the  diversity  of  the  comets  would 
follow. 

8041.  AppUcaiion  of  this  process  by  M.  Le  Verrier  io  the 
comets  of  Faye^  de  Vico  and  Brorsen  and  that  of  Lexeli.'^ 
Their  diversity  proved, — M.  Le  Verrier  has  applied  these  prin- 
ciples to  the  comets  of  Esye,  De  Vico^  and  Brorsen ;  tracing 
back  their  histories  during  their  unseen  motions  for  three- 
quarters  of  a  century,  and  ascertaining  the  effects  of  the  dis. 
turbing  actions  which  th^  must  severally  have  sustained  from 
revolution  to  revolution,  until  he  brought  them  to  the  epoch 
of  1779.  On  comparing  the  orbits  thus  determined  with  those 
of  the  table  of  possible  orbits  of  Lexell's  comet  he  has  shown 
that  none  of  them  can  be  identical  with  it,  however  strongly 
some  of  the  elements  of  their  present  orbits  may  raise  such  a 
presumption^ 

3042.  Probable  identity  of  De  Vice's  comet  wiA  the  comet  of 
1678. — The  comet  of  De  Vico  having  presented  striking  ana- 
logies with  a  comet  which  was  observed  by  Tycho  Brahe  and 
Bothmann  in  1585,  and  one  observed  by  La  Hire  in  1678,  M.  Le 
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Yerrier  has  applied  like  principles  to  the  inyestigation  of  these 
questions. 

MM.  Langier  and  Maavais  ohsenred  that  the  elements  of  De 
Yico's  comet  presented  such  a  resemblance  to  that  of  l^cho 
Brahe^  as  almost  to  decide  the  question  of  their  identity.  M*  Le 
Terrier  tracing  back  the  comet  of  De  Vico  to  1^8o,  has  shown 
that  its  orbit  at  that  epoch  was  so  difierent  from  that  of  the 
comet  of  lychoy  as  to  be  incompatible  with  any  plausible  in- 
ference of  their  identity.* 

He  has  shown,  howevery  by  like  reasoning,  that  there  is  a 
high  degree  of  probability  that  the  comet  of  De  Vico  is  identical 
with  that  observed  by  La  Hire  in  1678. 

8048.  BlainplanU  camei  of  1819. — M.  Blainplain  discovered 
a  comet  at  Marseilles  on  28th  November  18\9,  which  was 
observed  at  Milan  until  25th  January  1820.  The  observations 
reduced  and  calculated  by  Prof.  Enck£  gave  an  elliptic  orbit 
with  a  period  a  little  short  of  5  years.  Clausen  conjectures  that 
this  omiet  may  be  identical  with  that  of  1743.  It  has  not  been 
seen  since  1820. 

3044.  jRmj^f  eamei  of  1819. — A  comet  was  discovered  by 
M.  Pons  on  June  12th  1819,  which  was  observed  until  July  19th 
Prof.  Enck^  assigned  to  it  an  elliptic  orbit,  with  a  period  of 
5^  years. 

3045.  Pigatt's  camei  of  1783. — A  comet,  discovered  by  Mr. 
Pigott  at  New  York  in  1783,  was  shown  by  Buckhardt  to  have 
an  elliptic  orbit,  with  a  period  of  5|  years. 

3046.  Peterii  comet  ^  1846.— On  the  26th  June  1846,  a 
comet  was  discovered  at  Naples  by  M.  Peters,  which  was  sub- 
sequently observed  at  Rome  by  De  Yico^  and  continued  to  be 
seen  until  21st  July.  An  elliptic  orbit  is  assigned  to  this  comet, 
with  a  period  of  from  13  to  16  years,  some  uncertainty  attending 
the  observations.  The  re-appearance  of  this  comet  may  be 
expected  in  1859,  1860. 

'  3047.  Tabular  synopsis  of  the  orbits  qf  the  comets  which 
revolve  within  Satum^s  orbit — ^In  Table  IH.  we  have  given 
the  elements  of  the  thirteen  comets  above  mentioned. 

*  M^m.  Acad,  des  Sdenoes,  I  $47. 
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TABLE  m. 

Synopsis  of  the  Hotion  of  the  EQipdc  Comets  which  lerolTe  within  the 
OrbkofSatnriL 


planets. 

3049.  Flanetary  characier  of  their  orbits.  —  It  is  not  alone, 
howeyeTy  in  the  direction  of  their  motions  that  the  orbits  of 
these  bodies  haye  an  analogy  to  those  of  the  planets.    Their 

*  In  the  diagnun,  to  prevent  confiisioii,  the  oibits  of  the  difibrent  oomets 
are  indicated  bj  dotted  or  broken  lines  of  different  kinds. 
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indinations,  with  one  exoq>tion,  are  within  the  Kmits  of  thoae  of 
the  planets.  Their  eccentricities,  though  incomparably  greater 
than  those  of  the  planets,  are,  as  will  presently  ^pear,  incott- 
parablj  less  than  those  of  all  other  cometo  yet  discovered. 
Their  mean  distances  and  periods  (with  the  exception  of  the 
last  two  in  the  table)  are  within  the  limite  of  those  of  the 
planetoids. 

8050.  Planetary  character  of  their  arbiii. — The  comparison 
of  the  numbers  given  in  Table  IIL  with  those  which  will  be 
given  hereafter,  in  the  tables  of  the  elements  of  other  elliptic 
comets,  and  the  comparison  of  the  diagrams  of  their  orbits  with 
those  of  others,  will  show  in  a  striking  manner,  to  how  great  an 
extent  the  orbits  of  this  gronp  of  comets  possess  the  planetary 
character.  Besides  moving  roond  the  sun  in  the  common  direc- 
tion, their  inclinations,  with  a  single  exception,  are  within  the 
limits  of  those  of  the  planets.  It  is  true  that  tiieir  eccentricities 
have  an  order  of  magnitude  much  greater;  but  on  the  other 
hand,  it  will  be  seen  presentiy  that  they  are  incomparably  less 
than  the  eccentricities  of  all  other  periodic  comets  yet  dis- 
covered. Their  mean  distances  and  periods  place  them  in 
direct  analogy  with  the  planetoids. 

Moderate,  as  are  the  eccentricities  as  compared  with  those 
of  other  comets,  they  are  sufficientiy  great  to  impart  a  decided 
oval  form  to  the  orbits,  and  to  produce  considerable  differ- 
ences between  the  perihelion  and  aphelion  distances,  as  will 
be  apparent  by  inspecting  the  numbers  in  the  columns  cT  and 
if'.  It  appears  by  these,  that  while  the  perihelion  of  Enck^s 
comet  lies  within  the  orbit  of  Mercury,  its  aphelion  lies  out- 
side tiie  orbit  of  the  most  remote  of  the  planetoids,  and  not 
far  within  that  of  Jupiter.  The  perihelion  of  Biela's  comet, 
in  like  manner,  lies  between  the  orbits  of  the  earth  and  Venus, 
while  its  aphelion  lies  outside  that  of  Jupiter.  In  the  case 
of  Faye's  comet,  the  least  eccentric  of  the  group,  the  perihelion 
lies  near  the  orbit  of  Mars,  and  the  aphelion  outside  that  of 
Jupiter, 

It  must  be  remembered  that  the  elliptic  form  of  these  orbits 
has  only  been  verified  by  observations  on  the  successive  returns 
to  perihelion  of  the  first  five  comets  in  the  table.  The  elliptic 
elements  of  the  others  may,  so  far  as  is  at  present  known,  have 
been  efiaced  by  disturbing  causes. 
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The  angular  motions  at  the  mean  and  extreme  distances  from 
the  sun,  given  in  the  columns  «»  »'  and  »'\  have  been  compated, 
on  the  principles  already  ezpUuned,  bj  the  formulas 

1,296,000  ,  a2         ,._        a« 

365-26  xP*      *-"•'' d'»*      *-*''^^- 

The  same  nombers  which  express  these  angular  motions,  also 
express  in  all  cases  the  intensities  of  solar  light  and  heat  in 
the  several  positions  of  the  comet;  and  also  the  apparent 
motion  of  the  sun,  as  seen  from  the  comet;  and  a  comparison  of 
these  with  the  corresponding  numbers  rdated  to  any  of  the 
planets,  will  illustrate  in  a  striking  manner  how  different  are 
the  physical  conditions  by  which  these  two  classes  of  bodies  are 
affi)Cted;  and  this  will  be  more  and  more  striking,  when  the  other 
groups  of  comets  have  been  noticed* 

Taking  the  comet  of  Enck^  as  an  example,  it  appears  that 
while  its  mean  daily  motion  is  1076"  or  18',  its  motion  in 
aphelion  is  only  6',  and  in  perihelion  nearly  13^.  Its  motion 
in  perihelion,  the  light  and  heat  it  receives  from  the  sun, 
and  the  apparent  motion  of  the  sun  as  seen  from  it,  are  there- 
fore severally  more  than  150  times  greater  in  perihelion 
than  in  aphelion. 


m.  Elliptic  Comets,  whose  mean  distances  abe  nsablt 

EQUAL  TO  THAT  OF  UbANUS. 

805L  ComeU  of  long  periods  ^rsi  recognised  as  periodic. — It 
might  be  expected,  that  comets  moving  in  elliptic  orbits  of  small 
dimensions,  and  consequently  having  short  periods,  would  have 
been  the  first  in  which  the  character  of  periodicity  would  be  dis- 
covered. The  comparative  frequency  of  their  returns  to  those 
positions  near  perihelion,  where  alone  bodies  of  this  class  are 
yisible  from  the  earth,  and  the  consequent  possibility  of  verifying 
the  fact  of  periodicity,  by  ascertaining  the  equality  of  the  in- 
tervals between  their  successive  returns  to  the  same  heliocentric 
position,  to  say  nothing  of  the  more  distinctly  elliptic  form  of 
the  arcs  of  their  orbits  in  which  they  can  be  immediately  ob- 
served, would  afford  strong  ground  fpr  such  sq  expectation ; 
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neverthdess  in  this  ctse,  m  has  luq;^>eMd  in  to  many  olbers  ia 
the  progress  of  physical  knowledge^  the  actual  results  of  obserw 
Tation  and  research  have  heen  direotlj  oootrarj  to  such  an  an-« 
ticipation ;  the  most  remarkable  case  of  a  comet  of  large  orbits 
long  period,  and  rare  relumsi  being  the  firsts  and  those  of 
small  orbits,  short  periods,  and  frequent  returns,  the  last 
whose  p^odici^  has  bee^  discoyered..  . 

3052.  NewtofCi  conjeeture$  aslo  ihe  exUienee  cf  eomeit  of 
long  periods. — It  is  evident  that  the  idea'of  the  possible  exis- 
tence of  comets  with  periods  diorter'thiti  tfaosee  oF  the  more 
remote  planets,  and  orbits  drCukhscribed  Within  the  limits  of 
the  solar  system,  nevtooccdiVed  to  the'  mind  either  df  Newt<ni 
or  any  of  his  contemporarfes'or  immAittte^successtos. 

In  the  thifd  book'  of  his  pbincipia,  he  <ialls  <Ani(et8  a  species 
of  planets,  revolving  in  elliptic  orbits  of  a  tetf  OiU*fomL  But 
he  continues,  "  I  leave  to  be  determined  by  others  the  transverse 
diameters  and  penods,  By  dbmparing  comets  which  rettoi  a/ier 
hnginiervaUofiknhloiheBtLttk&orhitB.'* 

It  is  interesting  to  observe  the  avidity  "with  which  iinittds  of 
a  certain  order  snatch  at  itach  geneMiiations,  even  when  but 
slenderly  founded  upon  ^As;  ^Th^te'-coi^lfiktures  of  Newton 
were  soon  after  adopted  by  Voltaire t  ^H  ji  qudque  appa- 
rence,"  says  he,  in  an  essay  on  comets,  ^  qu^>n  conmdtra  uq 
jour  un  certain  nombre  de  ces  autres  plan^tes  qui  sous  le  nom 
de  comStes  toument  comme  nous  autour  du  soleil,  mais  il  ne 
ftut  pas  esp^rer  qu'on  les  omaaissenttoutes.'' 

And  again,  elsewhere,  on  the  same  sulject  :  — 

**  Oomdtai,  que  Ton  ondnt  k  I'^gal  dn  tonneme, 
CesMS  d'^poaranter  lea  peaples  de  U  tore ; 
Bant  line  ellipse  immense  achevet  Totre  coon, 
Bemontes,  desoendes  pr^  de  I'aBtre  des  joan." 

3063.  SaUe^i  researchei.  —  Extraordinary  as  these  conjee* 
tures  must  have  appeared  at  the  time^  they  were  soon  strictly 
realised.  Halley  undertook  the  labour  of  examining  the  drcum* 
stances  attending  all  the  comets  previously  recorded,  with  a 
view  to  discover  whether  any,  and  which  of  them,  appeared  to 
follow  the  same  path.  He  found  that  a  comet  which  had  been 
observed  1^  hiiniBe^  by  Newton,  and  their  contemporaries  in 
1682,  followed  a  p^th  while  visible,  whidi  coincided  so  nearly 
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with  those  <^  comets  which  had  been  obserred  in  1607,  and  in 
l6Bh  as  to  render  it  emtremdj  probable,  that  these  objects  were 
the  iune  identical  comet,  reTolring  in  an  elliptic  orbit  of  such 
dimensions,  as  to  cause  its  return  to  perihelion  at  intervals  of 
75—76  yean. 

The  comet  of  1682  had  been  well  obsenred  by  La  Hire,' 
Ficard,  Hevelios,  and  Flamstead,  whose  obserrations  supplied 
all  the  dato  necessary  to  calculate  its  path  while  Tisible.  ThaS 
of  1607  had  been  observed  by  Kepler  and  Longomontanus  > 
and  that  <tf  16Sl,.by.Pi«rre  Apian  at  Ingolstadt,  the  observa* 
tions  in  both  eases  being  also  sufficient  for  the  determination 
9t  the  path'  of. the  body,  with  all  the  accuracy  necessary  for 
its  identification. 

aO&4.  Mattey  prediei$  it$  ren^^pearanee  in  nss^^  Of  ibe 
identic  of  the  paths  while  visiUa^on^eachioC  these  appearances 
Halley  antertabedjio  doubti»aad.  aMMWineert  to  the  world  the 
discovery  of  the.elliprtifl  niotfanu>f.omnetflWM  the  result  <^  com« 
bined  observation  and  calculation,  and  entitled  to  as  much  con* 
fidence  as  any  other  consequence  of  an  established  physical  law ; 
and  predicted  the  re-appearance  of  thif  ^^,  o&  Its  succeeding 
return  to  perihelion  in  1758-9.  He  observed,  hpwever,  that  as 
in  the  interval  between  1607  and  1682  the  comet  passed  near 
Jupiter,  its  velocity  must  have  been  augmented,  and  conse« 
quently  its  period  shortened  by  the  action  t>F  that  planet.  Thi# 
period,  therefore,  having  been  only  seventy-five 'years,  he  in* 
ferred  that  the  following  period  would  probably  be  seventy-six 
years  or  upwards  $  and  consequently  that  the  comet  ought  not 
to  be  expected  tp  appear  until  the  end  of  .1758,  or  the  beginning 
of  175SI  It  is.  impossible,  to  imagine  any  quality  of  mind 
more  enviable' than  that  which,  in  the  existing  state  of  mathe« 
matlcal  physics,  <!buld  have  led  to  such  a  prediction.  The 
imperfect  state  of  science  rendered  it  impossible  for  Halley 
to  offer  to  the  world  a  demonstration  of  the  event  which  h^ 
foretold.  **  He  therefore,"  says  M.  de  Pontecoulant,  <*  could  only 
announce  these  felicitous  conceptions  of  a  sagacious  mind  as  mere 
intuitive  perceptions,  which  must  be  received  as  uncertain  by 
the  world,  however  he  might  have  felt  them  himself,  until  they 
could  be  verified  by  the  process  of  a  rigorous  analysis." 

Subsequent  researches  gave  increased  force  to  Halley*s  pre- 
diction; for  it  appeared  from  the  ancient  records  of  observeri^' 
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that  oomett  had  been  seen  in  1456*  and  1878»  whoae  ekmeota 
were  identical  with  those  of  the  comet  <^  1682. 

3054.  Great  advance  of  maikenuUical  and  phytical  sciences 
between  1682  <mJ  1759. — In  the  interval  of  three  quarters  of 
a  centarj  which  elapaed  between  the  announcement  of  Halle/s 
prediction  and  the  date  of  its  expected  fulfilment,  great  adTances 
were  made  in  mathematical  science ;  new  andimproTed  methods 
of  inyestigation  and  calculation  were  invented ;  and,  in  fine»  the 
theory  of  gravitation  was  pursued  with  extraordinary  activity 
and  success  through  its  consequences  in  the  mutual  disturb- 
ances produced  upon  the  motions  of  the  planets  and  satellites^ 
by  the  attraction  of  their  masses  one  upon  another.  As  the  epoch 
of  the  expected  return  of  the  comet  to  its  perihelion  approached 
therefore,  the  scientific  world  resolved  to  divest,  as  Cur  as  possible, 
the  prediction,  of  that  vagueness  which  necessarily  attended  it 
owing  to  the  imperfect  state  of  science  at  the  time  it  was  made^ 
and  to  calculate  the  exact  efbcts  of  those  planets  whose  masses 


*  The  appeannce  of  this  eomflt  in  1456,  was  described  by  contempofaiy. 
authorities  to  haye  been  an  object  of  **nnheard-of  magnitude ;"  it  was 
accompanied  by  a  tail  of  eztraordinaiy  length,  which  extended  oyer  sixty 
degrees  (a  third  of  the  heayens),  and  continued  to  be  seen  during  die  whole 
of  the  month  of  June.  The  inflnence  which  was  attributed  to  this  appear* 
anoe,  renders  it  probahle  that  In  the  record  there  exists  more  or  less  of 
exaggeration.  It  was  considered  as  the  celestial  indication  of  the  rapid  sac* 
cess  of  Mohammed  XL,  who  had  taken  Constantinople,  and  struck  terror 
into  the  whole  Christian  worid.  Pope  Calixtus  IL  lereDed  the  thunders  of 
the  Church  against  the  enemies  of  his  foith,  terrestrial  and  celestial,  and  in 
the  same  bull  exorcised  the  Turks  and  the  comet ;  and  in  order  that  the 
memory  of  this  manifestatioa  of  his  power  should  be  for  eter  presenred,  be 
ordained  that  the  bells  of  all  the  churches  should  be  rung  at  midday— -a 
custom  which  is  presenred  in  those  countries  to  our  times.  It  must  be 
admitted  that,  notwithstanding  the  terrors  of  the  Church,  the  comet  pursued 
its  course  with  as  much  ease  and  security  as  those  widi  which  Mohammed 
oonyerted  the  church  of  St.  Sophia  into  his  principal  mosque. 

The  extraordinary  length  and  brilHancj  which  was  ascribed  to  the  tail 
upon  this  occasion,  haye  led  astronomers  to  inyestigate  the  circumstances 
under  which  its  br^htness  and  magnitude  would  be  the  greatest  possible  ; 
and,  upon  tracing  back  the  motion  of  the  comet  to  the  year  1456,  it  has 
been  found  that  it  was  then  actually  under  the  circumstances  of  positioii 
with  respect  to  the  earth  and  sun  most  &yourable  to  magnitude  and  ^endonr. 
So  fitf,  therefore,  the  results  of  astronomical  calculation  corroborate  tiie 
records  of  history. 
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were  soffloientlj  gteat,  in  accelermting  or  retarding  its  motion 
while  passing  near  them. 

3056.  Exact  path  4^  the  comet  on  tit  return  and  time  of  ite 
perihelion  calculated  and  predicted  by  Clairaut  and  Lalande. 
— ^Tfais  inquiry,  which  presented  great  mathematical  difficulties 
and  inyolved  enormous  arithmetic^  labour,  was  undertaken  bj 
Clairaut  and  Lalande :  the  former^  a  mathematician  and  natural 
philosopher,  who  had  already  applied  with  great  success  the 
principles  of  gravitation  to  the  motions  of  the  moon,  under* 
took  the  purely  analytical  part  of  the  inyestigation,  which  con" 
sisted  in  establishing  certain  general  algebraical  formulia,  by 
which  the  disturbing  actions  exerted  by  the  planets  on  the 
comet  were  expressed ;  and  Lalande^  an  eminent  practical  astro* 
npmer,  undertook  the  labour  of  the  arithmetical  computations, 
in  which  he  was  assisted  by  a  lady,  Madame  Lepaute,  whose 
name  has  thus  become  celebrated  in  the  annals  of  science. 

These  elaborate  calculations  being  completed,  Clairaut  pre- 
sented the  result  of  their  joint  labours,  in  a  memoir  to  th^ 
Academy  of  Sciences  of  Paris*,  in  which  he  predicted  the 
next  arrival  of  the  comet  at  perihelion,  on  the  18th  April 
1759 ;  a  date,  however,  which,  before  the  re-appearance  of  the 

*  When  It  \b  considered  that  the  period  of  HaUey*!  comet  is  about 
seyenty-fiye  years,  and  that  ereiy  portion  of  its  course,  for  two  soccesslTe 
periods,  was  necessary  to  be  calculated  separately  in  this  way,  some  notion 
may  be  formed  of  the  labour  encountered  by  Lalande  and  Madame  Lepaute. 
**  During  six  months,"  says  Lalande,  **  we  calculated  from  morning  till  night, 
sometimes  even  at  meals ;  the  consequence  of  which  was,  that  I  contracted  an 
Illness  which  changed  my  constitution  for  the  remainder  of  my  life.  The 
assistance  rendered  by  Madame  Lepante  was  such,  that  without  her  we 
nerer  could  hare  dared  to  undertake  this  enormous  labour,  in  which  it  was 
necessary  to  calcuhUe  the  distance  of  each  of  the  two  pbmets,  Jupiter  and 
Saturn,  from  the  comet,  and  their  attraction  upon  that  body,  separately,  for 
erecy  sncoessiTe  degree,  and  for  160  years." 

The  name  of  Madame  Lepaute  does  not  appear  in  CUurant'a  memofr; 
a  suppression  which  Lalande  attributes  to  the  influence  exercised  by  another 
lady  to  whom  Clairaut  was  attached.  Lalande,  howerer,  quotes  lettors  of 
Clidrant,  in  which  he  tpeaka  in  terms  of  high  admiration  of  **  la  sarante  calcula- 
trice."  The  labours  of  this  lady  in  the  work  of  calculation  (for  she  alsoassisted 
Lalande  in  constructing  his  Ephemeridet)  at  length  so  weakened  her  sight 
that  she  was  compelled  to  desist.  She  died  in  1788,  while  attending  on  her 
husband,  who  had  become  insane.  See  the  articles  on  comets,  by  Ftof.  de 
Morgan,  in  the  Qm^nion  to  th€  BriHtk  Jhncmae  for  the  year  1888. 
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eomety  he  found  reason  to  change  to  the  1 1th  April ;  and  assigned 
the  path  which  the  comet  would  follow  while  visible  as  deter- 
mined by  the  following  data :  — 

Incllnatkm.         Long .  ofnode.    Long,  of  pnih.       Perihel.  diit.        Direettoa. 

ir37'  53°5(y        303**  icy  0-58        retrograde. 

8057.  Remarkable  anHeipcUian  of  the  di9covety  of  Uranui,'^ 
In  announcing  his  prediction  Clairaat  stated,  that  the  time 
assigned  for  the  approaching  perihelion  might  yarj  from  the 
actual  time  to  the  extent  of  a  month ;  for  that  independently  of 
any  error  either  in  the  methods  or  prodees  of  calcalation,  the 
event  might  deviate  more  or  less  from  its  predieted  occur- 
renooy  by  reason  of  the  attraction  of  an  undueavered  planet 
of  our  syeiem  revolving  beyond  the  orbit  of  Saturn,  In 
twenty-two  years  after  this  tinke,  this  conjectuk^  iami  reaEsed 
by  the  discovery  of  the  planet  Uranus^  by  the  late  Sir  WIBiani 
Herschel,  revolving  round  the  sun  one  thousand  millions  of  miles 
beyond  the  orbit  ^f  Saturn  I  i  .  • 

8058.  Ptedittion  of'JIalley  and  C 
appearance  if  thtt  eomet  in  1758-9. 
appeared  in  December  1758,  and  follow 
Clairaut,  which  differed  but  little  fi 
pursued  on  foiuelr  appearances  ts  wHl  1 
of  the  elements  as  given  above  with  tHo 
passed  through  perihelion  on  the  13th  ]^ 
the  time,  and  within  the  limit  of  the  pu 
Clairaut 

8059.  Disturbing  action  of  a  planet  on  a  comet  explained.^^ 
The  general  effects  of  a  planet  in  accelerating  or  retarding  the 
motion  of  a  comet  are  easily  explained,  although  the  exact 
details  of  the  disturbances  are  too  complicated  to  adaut  of  any 
exposition  here. 

Iiet  p,y£^.  818,  represent  the  place  of  the  distmMif  fhnel^  and 
o  that  of  the  oomet  TW  aM«elkm  of 
the  planet  on  the  comet  wDI  iAmhi  be  a 
force  directed  from  c  towards  p»  and 
by  the  principle  of  the  xompoaition  of 
forces  is  equivalent  to  two  components, 
one  0  m  in  the  dkreetion  oi  the  oomel^s 
path,  and  the  other  o  n  perpendioidar  to 
I'*  81S.  ^^^  ^^^^    jf  jjj^  motion  of  the  comet 
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be  directad.Abm.o  iowwods  m^  it  will  be  acoderated;  and 
if  it  Jbe.  directed  from  o  towards  mVit  will  be  retarded  bj  that 
oomponent  of  the  planet's  attraction  which  is  directed  from  o 
to  Jit.  The  other  oomponent  o  n  being  at  right  angles  to  the 
comef  8  motion,  will  have  no  direct  effect  either  in  accelerating 
ot  retarding  it 

It  appears^  therefore,  in  general  that,  if  the  direction  of  the 
comet's  motion  o  m  make  an  acute  angle  with  the  line  o  P  drawn 
to  the  planet,  the  planet's  attraction  will  accelerate  it ;  and  if 
its  direction  cm'  miake  an  obtuse  angle  with  the  line  o  p,  it  will 
retard  it 

Thisbeibg  understood,  ihedistorbing  action  of  a  planet  snch 
as :  Jupiter  or  Satom  on  4  comet' sudi  as  fialley^s  may  be  easily 
comprehended:    In  jffy.-^M.  *«tlfe  >6)rbit  «f  the  ttomet  is  Tepre« 

sented-at  AcPtf'^  in^its  p^oper  pro- 
portions, AP  being  the  aM^oiis,  P 
thi  '0a«e  bf'  p^helfon,- A  itbatUf 
aplfdien,  «^d  8  that  of^the  f6ettB  iii 
\dileb%e'SY)n  is  pladedi  i.ThesmaU 
^sJvele^  desq^bed  round  ui  r.epreadBts 
in  Its  <p]tiper  [proportions  the  orbit 
"Of'the'earth,  whose  distance  is  about 
twice  that  of  the  comet  when  the 
latter  is  at  perihelion.  The  circle 
!>////'  represents  in  its  proper  pro* 
portions  the  orbit  of  Jupiter  which, 
for  illustration,  we  shall  consider  as 
the  disturbing  planet 

It  will  be  apparent  on  the  mere 
inspection  of  the  diagram,  that  lines 
drawn  from  the  planet  whateyer  be 
its  place,  to  any  point  whatever  of 
the  comet's  path  between  its  aphe* 
lion  A  and  the  point  «'  where  it 
arrives  at  the  orbit  of  the  planet 
in  approaching  the  sun,  will  make 
aente  angles  with  the  direction  of 
the  comet's  motion;  and  that,  con-^ 
^^'  ®*^'  sequently,  the  comet  will  be  accele- 

rated by  the  action  of  the  planet.  In  like  manner,  it  is 
apparent  that  lines  drawn  from  the  plviet  whatever  be  its 


Digitized  by 


Google 


546  ASTRONOMY. 

place,  to  M17  point  whateyer  of  the  comet's  path  between  m  and 
aphelion  a,  will  make  obtase  angles  with  the  direction  of  the 
comet's  motion ;  and,  consequentlj,  the  comet  will  be  retarded 
bj  the  action  of  the  planet,  in  d^mrting  from  the  son,  from  m 
to  A. 

In  that  part  of  the  comet* s  path  which  lies  within  the  planet's 
orbit,  the  action  of  the  planet  altematdy  accelerates  and  retards 
it,  acc(»ding  to  their  relative  position.  If  the  planet  be  at  p, 
suppose po  drawn  so  as  to  be  at  right  angles  to  the  path  of  the 
^me^  Between  mf  and  o  the  action  of  the  planet  at  p  will 
accelerate  the  comet,  and  after  the  comet  passes  #  it  will  retard 
it  In  like  manner  if  the  planet  be  at  p\  it  will  first  retard 
the  motion  of  the  comet  proceeding  from  mf  towards  ▲,  and 
will  continue  to  do  so  until  the  line  of  direction  becomes 
perpendicular  to  that  of  the  comet's  motion,  after  which  it  will 
accelerate  it 

It  appears,  therefore,  that  during  the  period  of  the  comet, 
the  disturbing  action  of  the  planet  is  subject  to  several  changes 
of  direction,  owing  partlj  to  the  change  of  position  of  the  comet 
and  partlj  to  that  of  the  planet ;  and  the  total  effect  of  the  dis* 
turbing  action  of  the  planet  on  the  comet's  period  is  found  bj 
taking  the  difference  between  the  total  amount  of  all  the  accele* 
rating  and  all  the  retarding  actions. 

In  the  case  of  the  planet  Jupiter  and  Halley's  comet,  the 
former  makes  nearlj  seven  complete  revolutions  in  a  single 
period  of  the  comet;  and  consequentlj  its  disturbing  action  is 
not  onlj  subject  to  several  changes  of  direction,  but  also  to 
continual  variation  of  intensitj,  owing  to  its  change  of  distance 
from  the  comet 

Small  as  the  arc  m'piii  of  the  comefs  path  is  which  is 
included  within  the  orbit  of  Jupiter,  the  fraction  of  the  period 
in  which  this  arc  is  traversed  bj  the  comet  is  much  smaller,  as 
will  be  apparent  bj  considering  the  application  of  the  principle 
of  equable  areas  (2599.)  to  this  case.  The  time  taken  bj  the 
comet  to  move  over  the  arc  m'Fm  is  in  the  same  proportion 
to  its  entire  period,  as  the  area  included  between  the  arc 
tnfFm  and  the  lines  mf  s  and  ms  is  to  the  entire  area  of  the 
ellipse  A  p. 

To  simplify  the  explanation  the  orbit  of  the  comet  has  here 
been  supposed  to  be  in  the  plane  of  that  of  the  disturbing 
planet    If  it  be  not,  the  disturbing  action  will  have  another 
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component  at  right  angles  to  the  pkne  of  the  comet'd  orbi^  the 
effect  of  which  will  be  a  tendency  to  vary  the  inclination. 
.  8060.  Effect  of  the  perturbing  action  of  Jupiter  and  Saturn 
on  HdUei^e  comet  between  1682  and  1758.— The  result  of  the 
inyestigation  by  Clairaut  showed,  that  the  total  effect  of  the 
disturbing  action  of  Jupiter  and  Saturn  on  Halley's  comet 
between  its  perihelions  in  1682  and  in  1759,  was  to  increase  its 
period  by  618  days  as  compared  with  the  time  of  its  preceding 
revolution,  of  which  increase,  100  days  were  due  to  the  action 
of  Saturn,  and  518  to  that  of  Jupiter. 

Clairaut  did  not  take  into  account  the  disturbing  action  of 
the  earth,  which  was  not  altogether  inconsiderable,  and  could 
not  allow  for  those  of  the  undiscovered  planets  Uranus  and 
Neptune.  The  effects  of  the  action  of  the  other  planets.  Mars, 
Venus,  Mercury,  and  the  planetoids,  are  in  these  cases  in- 
significant. 

3061.  Calculatums  qf  it$  return  in  1835-6.— In  the  in- 
terval of  three  quarters  of  a  century  which  preceded  the  next 
re-a(^earance  of  this  comet,  science  continued  to  progress,  and 
instruments  of  observation  and  principles  and  methods  of 
investigation  were  still  further  improved ;  and,  above  all,  the 
number  of  observers  was  greatly  augmented.  Before  the 
epoch  of  its  return  in  1835,  its  motions,  and  the  effects  pro- 
duced upon  them  by  the  disturbing  action  of  the  several 
planets,  were  computed  by  MM.  Damoiseau,  Pontecoulant, 
Bosenberger,  and  Lehmann,  who  severally  predicted  its  arrival 
at  perihelion  :«- 

Bamoiflefta  -  -  -  4Ui  Nor.  IS35. 

Pontecoulant  -  -  -  7th        ^ 

Bosenberger  ...  nth        ^ 

X/ftl»™<w<n   .  -  -  -  S6th        ff 

3062.  I^^edietioniful/iUed.^TheBe  predictions  were  all  pub- 
lished before  July  1835.  The  comet  was  seen  at  Rome  on  the 
5th  August,  in  a  position  within  one  degree  of  the  place  assigned 
to  it  for  that  day,  in  the  ephemeris  of  M.  Rosenberger.  On 
the  20th  August,  it  became  visible  to  all  observers,  and  pursued 
the  course  with  very  little  deviation,  which  had  been  assigned 
to  it  in  the  ephemerides,  arriving  at  its  perihelion  on  the 
16th  Nov.,  being  very  nearly  a  mean  between  the  four  epochs 
assigned  in  the  predictions. 
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After  thifl)  pMiAg  south  ofthe  eqtiAtbr,  it  was  not  TisHde  in 
northern  latlttides^  but  continued  to  be  seen  in  the  southern 
hemisphere  nintil  the  5th  of  May  1886,  mhm  it  finally  disap- 
peared, not  again  to  return  until  the  year  1911. 

3068.  Tahular  sifn&ptii  of  ike  motion  of  HaUei^M  comeL — 
In  Table  IV.  is  giren  a  synopsis  of  the  elements  of  the  oibit 
of  this  eomet,  deduced  from  the  observations  made  on  each  of 
its  seven  successiye  returns  to  perihelion,  between  1378  and 
1835  indusiye. 


TABLE  nr. 

memtotM  of  HaUejr'f  Comet  to  1S36. 
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It  appears  tiiat  the  mean  distaoice  of  this  comet  iIm  about' 
eighteen  times  that  of  the  earth,  and  that  it  is  consequently  a 
little  less  than  the  mean  distance  of  Uranus.  When  in  peri, 
heliim,  its  distance  irom  the  sun  is  about  half  the  earth's 
distance,  while  its  distance  in  aphelion  is  above  thirty-fiye  times- 
the  earth's  distance,  and  therdTore  seventy  times  its  perihelion 
distance. 

3064.  Poit^'^  comet  of  1812.  —  On  the  20th  of  July  1812,  a 
comet  was  discovered  by  M.  Pons,  whose  orbit  was  calculated 
by  Professor  Enck^  and  was  found  to  be  an  ellipse  of  such  di- 
m^isions  as  to  give  a  period  of  75^  years,  equal  to  that  of 
Halle/s  comet. 

3065.  Olberii  comet  of  1815.  — On  the  6th  of  March  1815, 
Dr.  Olbers  discovered  at  Bremen,  a  oomet  whose  orbit,  calcu-^ 
lated  by  Professor  Bessel,  proved  to  be  an  ellipse,  with  a  period 
of  74  years.  The  next  perihelion  passage  of  this  comet  is  pre- 
dicted for  the  9th  of  February  1887. 

3066.  De  Vico'e  comet  cf  1846.  —  On  the  28th  of  February 
1846;  M.  de  Vice  discovered  a  comet  at  Rome,  whose  orbiti- 
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ftalculftted  by  MM*  Tan  Deikise.laftd  Piextei  aj^pean'to  be  an 
elU|)ae,.WitiimtK>i»^o£72rn73!j«ar8,..   i      .         .  j     . 

8067.  Brorsen*8  comet  of  1847.  —  A  comet  waadiMk^irered  bj 
M.  Bronen  at  Altona,  on  the  20th  of  July  1847;  the  orbit  of 
which,  calcnlated  bj  M.  d'Atres^  Ippears  to  be  an  ellipse,  with 
S"penod  of  v^^yeaw. 

8068.  WestphoTM  comet  of  IS62.— On  the  27ih  of  June  1852t 
jA  comet  was  discovered  by  M.  Westphal  at  (^ottingen,  and  waa 
Boon  after  wards  obserred  by  M.  Peters  at  Constantinople.  The 
calculation  of  its  orbit  proves  it  to  be  an  ellipse^  with  a  period 
of  about  70  years. 

8069.  Tabular  ij^Hopsie  of  the  motions  of  these  six  eometi.'^ 
In  Table  V.  are  presented  the  data  necessary  to  determine  the 
motions  of  these  six  comets  :— 


TABLE  V. 

Bjnoytia  of  the  Motioii  of  the  Elliptic  Cometi,  whose  mean  Distances  are 
nearlj  equal  to  that  of  Uranus. 
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S 

3070.  Diagram  of  their  orbits.  —  In  /%r.  815.,  is  presented 
a  plan  of  the  orbits,  brought  upon  a  common  plane,  and  drawn 
according  to  the  scale  indicated.  This  figure  shows,  in  a  manner 
sufficiently  exact  for  the  gur^oses  of  illustration,  the  rehitiv^ 
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magnitudes  and  the  fonns  of  the  six  orbits»  as  well  as  the  diree- 
tioDs  of  their  several  axes  with  relation  to  that  of  the  first 
point  of  Aries. 

Fig.  81S. 


3071.  Planetary  characters  are  nearly  effaced  in  these  orbits. 
—  Bj  comparing  the  elements  given  in  this  table,  and  the  forms 
and  magnitudes  of  the  orbits  shown  in  the  diagram,  with  those 
of  the  first  group  of  elliptic  comets  given  in  Table  HI.  and 
drawn  in^^.  812^  it  will  be  perceived  that  the  planetary  cha- 
racteristics noticed  in  the  latter  group,  are  nearly  efiaced.  Five 
of  the  six  comets  composing  the  second  group,  revolve  in  the 
common  direction  of  the  planets,  and  this  is  the  only  planetary 
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cbaracier  obBervable  among  them.  The  inclinations,  no  longer 
limited  to  thoBe  of  the  planetary  orbits,  range  from  18^  to  74". 
The  eccentricitieB  are  all  so  extreme,  that  the  arc  of  the  orbit 
near  perihelion  approximates  doselj  to  the  parabolic  form,  and, 
in  fine,  the  most  remarkable  body  of  the  group,  the  comet  of 
Halley,  revolyes  in  a  direction  contrary  to  the  common  motion 
of  the  planets. 

But  it  is  more  than  all  in  the  elongated  oval  form  of  their 
orbits,  that  this  group  of  comets  differs,  not  only  from  the  planets, 
but  from  the  first  group.  While  their  perihelia  are  at  dis- 
tances from  the  sun,  between  those  of  Mars  and  Mercury,  their 
aphelia  are  from  two  to  five  hundred  millions  of  miles  outside 
the  orbit  of  Neptune.  Thus,  the  comet  of  Halley,  for  example,  in 
perihelion,  is  at  a  distance  from  the  sun  less  than  that  of  Venus ; 
but  at  its  aphelion,  its  distance  exceeds  that  of  Neptune  by  a 
space  greater  than  Jupiter's  distance  from  the  sun.  The  mean 
angular  motion  of  this  comet  is  nearly  the  same  as  that  of 
Uranus ;  but  its  angular  motion  in  perihelion  is  three  times  that 
of  Mercury ;  while  its  angular  motion  in  aphelion  is  little  more 
than  half  that  of  Neptune. 

The  corresponding  Tariations  of  solar  light  and  heat,  and  of 
the  apparent  magnitude  and  motion  of  the  sun  as  seen  from  the 
comet,  may  be  easily  inferred. 

IV.  Elliptic  Cometjs,  whose  mean  distances  exceed  the 

LIMITS  OF   the   solar   SYSTEM. 

8072.  Tabular  synopsis  oftwenty-one  elUpHe  comets^  of  great 
eccentricity  and  long  period,  —  Although  the  periodicity  of  this 
class  of  comets  has  not  yet  in  any  instance  been  certainly  es- 
tablished by  observations  made  upon  their  successive  returns  to 
perihelion,  the  observations  made  upon  them  during  a  single 
perihelion  passage  indicate  an  arc  of  their  orbit,  which  exhibits 
the  elliptic  form  so  unequivocally,  as  to  supply  computers  and 
mathematicians  with  the  data  necessary  to  obtain,  with  more  or 
less  approximation,  the  value  of  the  eccentricity,  which,  combined 
with  the  perihelion  distance,  gives  the  form  and  magnitude  of 
the  comet's  orbit. 

By  calculations  conducted  in  this  manner,  and  applied  to  the 
observations  made  on  various  comets  which  have  appeared  since 
the  latter  part  of  the  seventeenth  century,  the  elliptic  orbits  of 
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twenty-one  of  these  bodies  have  been  eompntedy  and  are  giy^n 
in  the  order  of  the  dates  of  their  perihelion  paasiiges  in  the 
following  table. 

TABLE  VL 

figrnopna  of  the  MotioDi  of  the  EOlpdc  Comets  whose  mean  Dfataaoes  exceed 
the  Limits  of  the  Solar  SjMem. 
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Of  this  group  the  least  eoeentricis  No.  15.,  which  passed  its 
perihelioii  in  1840.  This  comet  was  discovered  at  Berlin  by 
M*  Bremiker,  and  its  orbit  was  calculated  bj  Gotze,  and  proved 
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to  be  an  ellipse,  having  the  elements  given  in  the  table,  subject 
to  no  greater  uncertainty  than  ^'^th  of  the  value  assigned  to  the 
mean  distance*  The  eccentricity,  and  consequently  the  form  of 
the  orbit,  is  similar  to  that  of  Halley,  but  the  major  aiis  is  2f 
times,  and  the  period  nearly  five  times  greater.  Its  perihelion 
distance  is  equal  to  that  of  Mars,  and  its  aphelion  distance  more 
than  three  times  that  of  Neptune« 

"'  No.  6,  vehich  passed  its  perihelion  in  1793,  has  an  orbit,  tufi 
cording  to  the  calculations  of  D'Arrest,  nearly  similar  both  id 
form  and  magnitude,  as  will  l)e  seen  by  comparing  the  numbers 
given  in  the  table»  More  uncertainty,  however,  attends  the 
estimation  of  these  elements*  • 

The  comets  which  approached  nearest  to  the  suh  were 
the  great  comets  of  1680  and  1843,  Nos.  1  and  16  in  the 
table,  both  memorable  for  their  extraordinary  magnitude  and 
splendour* 

The  elements  of  that  of  1680,  given  in  the  table,  are  those 
which  have  resulted  from  the  calculations  of  Professor  Enck^ 
based  on  all  the  observations  of  the  comet  which  have  been  re« 
corded.  The  elements  of  the  great  comet  of  1843  have  resulted 
from  the  computations  of  Mr.  Hubbard*  Both  are  subject  io 
considerable  uncertainty,  and  must  be  accepted  only  as  the  best 
JEipproximations  that  can  be  obtained* 

What  is  not  subject,  however,  to  the  same  uncertainty,  is  the 
extraordinary  proximity  of  these  bodies  to  the  sun  at  their  re- 
spective perihelia.  The  perihelion  distance  of  the  comet  of 
1680  was  about  576,000  miles,  and  that  of  1843,  538,000  miles. 
Now  the  semidiameter  of  the  sun  being  441,000  miles,  it  follows 
that  the  distance  of  the  centres  of  those  comets  respectively  from 
the  surface  of  the  sun  at  perihelion  mu^t  have  been  only  235,000 
and  97,000;  so  that  if  the  semidiameter  of  the  nebulous  envelope 
of  either  of  them  exceeded  this  distance,  they  must  have  actually 
grazed  the  sun.        .  '  .*,* 

The  velocity  of  the  orbital  motion  of  these  bodies  in  aphelion 
Appears  by  the  table  to  be  suchf  that-  the  comet  of  1680  would 
have  revolved  round  the  sun  in  a  minute,  and  that  of  1843  in 
iittle  less  than  two  minutes^  if  they  retained  the  same  angular 
:^otion  undiminished. 

The  distance  to  which  the  comet  of  1680  recedes  in  its«phej 
lion  is  28|  times  greater  than  that  of  Neptune.    The  apparent 
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diameter  of  the  sun  seen  from  that  distance  would  he  2",  and  the 
intensity  of  its  light  and  heat  wouUL  he  7daOOO  times  less  than 
at  the  earth;  while  their  intensity  at  the  perihelion  distance 
wonld  he  26,000  times  greater,  so  tiiat  the  light  and  heat  re- 
ceived hj  the  comet  in  its  aphelion  would  he  26,000  x  730,000 
8s  18,980  million  times  less  than  in  perihelion. 

The  greatest  aphelion  distances  in  the  tahle  are  those  of 
Nos.  5,  13,  and  17,  the  comets  of  1780, 1830,  and  1844,  amount- 
ing to  from  100  to  140  times  the  distance  of  Neptune ;  the  eo 
oentricities  differing  from  unity  hy  less  than  i^oir  These  orhits, 
though  strictly  the  results  of  calculation,  must  he  regarded  as 
Buhject  to  consideraUe  uncertainty. 

'  8073.  Plan  of  the  form  and  relative  magnitude  (^tke  orbits. 
•—To  convey  ah  idea  of  the  form  of  the  orhits  of  the  cometf 
6f  this  group,  and  of  the  proportion  which  their  magnitude 
bears  to  the  dimensions  of  tlie  solar  system,  we  have  drawn  in 
fig.  816,  an  ellipse,  wluch  may  be  considered  as  representing 
the  form  of  the  orbits  of  the  comets  Nos.  15,  6^  9,  12,  and  1,  of 
the  Table  VI. 

If  the  ellipse  represent  the  orbit  of  the  comet  No.  15»  the 
circle  o  will  represent  on  the  same  scale  the  orbit  of  Nep- 
tune. 

If  the  ellipse  represent  the  orbit  of  the  comet  No.  6,  th^ 
drcld  b  will  rq[>resent  the  orbit  of  Neptune. 

If  the  ellipse  represent  the  orbit  of  No.  9,  the  circle  c  will 
represent  the  orbit  of  Neptune. 

.  If  the  ellipse  represent  the  orbit  of  No.  12,  the  circle  d  will 
represent  the  orbit  of  Neptune. 

If  the  ellipse  represent  the  orbit  of  No.  1,  the  circle  e  wiU 
represent  the  orbit  of  Neptune. 


V.  HtPEBBOLIC  COICETS. 

8074.  Tabular  synopsis  of  hgperbolic  comets. — In  the  an- 
nexed Table  (VIL)  are  given  the  elements  of  seven  cornet^ 
which  appear  by  the  results,  of  calculations  made  upon  the  ob- 
servations to  have  passed  through  the  system  in  hyperbolic 
orbils. 
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cometSy  whose  paths  in  passing  through  the  system  have  been 
either  parabokeh  or  ellipses  of  ecoentricities  so  extreme  as  to  be 
uodistinguishable  from  parabolas  in  that  part  of  their  orbits  at 
which  they  were  capable  of  being  observed. 

TABLE  Vm. 
Elements  of  the  Orbits  of  Comets  ascertained  or  presumed  to  be  parabolic. 
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VIL  Distribution  of  cometabt  orbits  in  space.* 

3076.  Distfibntion  o/ihe  eomeiary  orbils  in  space. — In  re- 
viewing the  vast  mass  of  data  collected  by  the  labours  of  ob- 
servers, ancient  and  modern,  and  which,  so  far  as  we  have  been 
ienabled  to  see  grounds  for  classification,  are  marshalled  in  the 
series  of  tables  which  are  given  above,  it  is  natural  to  look  for 
some  evidence  of  a  prevalent  law  in  the  motions  of  these  bodies. 
The  absence  of  all  analogy  to  the  planetary  orbits,  except  in  the 
case  of  the  first  group  of  elliptic  comets  consigned  to  Table  III., 
has  been  already  indicated ;  but,  although  no  analogy  to  the  pla* 
petary  motions  may  exist,  it  does  not  follow  that  the  cometary 
inotions  may  not  be  governed  by  some  laws  of  their  own,  the 
nature  and  character  of  which  can  only  be  discovered  by  care* 
jfully  conducted  induction. 

;  3077.  Relative  numbers  of  direet  and  retrograde  comets. — 
It  has  been  shown  that  of  the  nineteen  comets  included  in  the 
first  and  second  groups,  which  possess  in  the  most  marked 
degree  the  planetary  character,  one  only  is  retrograde.  Here 
ts,  then,  the  indication  of  a  law,  so  far  as  regards  the  direction  of 
the  motion  of  the  comets  of  these  groups. 

To  ascertain  whether  traces  of  the  same  law  are.  discoverable 
in  the  other  classes  of  comets,  let  the  other  tables  be  examined 
and  compared. 

Of  the  twenty-one  comets  included  in  Table  YI.  there  are, 

Direct  -  -  -10 

Betrogrado    -  -  -    11 

21 

,  *  This  section  contains  the  substance  of  a  paper  by  the  author,  which  has 
beeir  printed  in  the  Proceedings  of  the  Eoyal  Astronomical  Society. 
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There  is,  therefore,  among  these  no  indication  ol  the  pre* 
valence  of  anj  law  in  relation  to  the  direction  of  the  motion. 
Of  the  seven  hTperholic  comets  in  Table  YU.  there  are^  . 

Direct  .  -  -    e 

Betrograde   •  •  »    1 

7 
Here  the  law  of  direct  motion  reappears ;  but  the  number  is 
too  small  to  supply  ground  for  any  safe  induction. 

Of  160  parabolic  comets  induded  in  Table  YHX  there 
are, 

Direct  .  -  -    70      • 

Betrograde    •  •  -    86 

156 
Direction  Qnascertained       -       4 

'160  . 

Here  the  tendency  leans  to  retrograde  -motion,  but  still  not 

in  a  degree  sufficiently  decided '  to  supply  safe  ground  for  a 

conclusion.    If,  instead  of  taking  as  the  basis  ^f  the  induction 

the  160  parabolic  comets,  we  take  the  entire  dumber  of  203 

comets  of  which  the  direction  is  ascertained,  we  shall  find, 

Direct  •  •  •  104 

Betrograde    *  *  *    ^ 

203 

It  must,  therefore,  be  concluded  that,  notwithstanding  tha 
considerable  number  of  comets  whose  motions  have  been  ob« 
served,  no  general  trace  of  any  law  governing  the  direction  of 
motion  is  discoverable. 

3078.  Inclination  of  the  orbits.— TMng  all  the  orbits  of 
which  the  inclinations  have  been  ascertained,  it  will  be  found 
that,  of  every  hundred^  the  inclinations  are  distributed  as 
follows  :^ 
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- 

8-80 
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6-85 

30„40 

• 
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• 

15-75 

50  „  60 

. 

14-70 

60„70 

• 

11-80 

70  „  80 

• 

12-75 

80  „  90 
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8-30 

^ 
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-  There  are  liere  evidetit  in'dicatioiii  of  a  tendency  of  fhe 
planes  of  the  cometarj  orbits  to  collect  roond  a  plane  whose 
inclination  to  the  plane  of  the  ecliptic  is  46^,  or  ijf  a  cone.be 
imagined  to  be  formed  having  a  semi-angle  of  45^  and  its  axis 
at  right  angles  to  the  plane  of  the  ecliptic,  4he  planes  of  the 
cometarj  orbits  betray  a  tendency  to  take  the  position  of  tangent 
planes  to  the  surface  of  such  a  cone* 

'  3079.  Directions  of  the  nodes  and  perihelia,  ^-  Taking,  in  like 
manner,  the  longitudes  of  the  nodes  and  the  perihelia,  we  find 
that  those  of  every  hundred  comets  are  distributed-in  longitude 
as  follows  :-~>  ,  .  . 


CO  to 

30« 

- 

Nttnl«r<irNod«. 

NanberarPtofhclia. 

8-35 

6*80 

so 

GO 

r           •           • 
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12-25 
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VM  . 

. 

8-33 
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. 
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\m 
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• 
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6-85 

sio 
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, 

890 

7-80 

4oa 
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•           • 

7-40 

10-70 

270 

ao« 

• 

4S0 

12-75 

300 

830 

» 

8-33 

10-30 

839 

860 

- 

6-90 

3-40 

- 

,     lOU-OO 

100-00 

An  uniform  distribution  would  give  8*33  nodes  to  each  arc 
of  30^  The  number  in  the  tliitd  sign  1)etween  60**  and  90*  is 
nearly  12,  and  in  the  seventh  sign  between  180*^  and  210°  nearly 
10,  both  considerably  exceeding  the  mean  share. 

The  distribution  of  the  perihelia  is  still  more  unequal. 
There  is  an  evident  tendency  to  crowd  into  the  arcs  between 
6(f  and  120^  and  between  240"*  and  300^  The  number  of 
perihelia  due  to  an  arc  of  60^  is  16  66^,  Now  the  actual  number 
found  between  60°  and  120°  is  23'95,  about  60  per  cent*  above 
the  mean.  Between  240°  and  330°  there  are  33*75  perihelia, 
where,  as  the  number  dbe  to  ]in  arc  of  90°  is  2o,  the  actual 
number  being  35  per  ceni.  abov^  the  mean. 

3080.  Distribution  of  the  points  of  perihelion, — Considering 
how  much  the  visibility  bf  a  c(ftnet  from  the  earth  depends  on 
its  perihelion  distance,  aud  that  beyond  a  certain  limit  of  such 
distance  a  comet  cannot  be  expeeted  to  be  seen  at  all,  it  cannot  be 
expected  that  the  law,  if 'any  silch  there  be,  which  governs  the 
distribution  of  th^  points  of  perihelion  round  the  sun  can  be 
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discovered  with  any  degree  of  certainty.  Neyertheless,  it  will 
not  be  without  interest  to  show  the  distribution  of  the  points 
of  perihelion  of  the  known  comets  in  relation  to  their  distances 
from  the  sun. 

If  the  centre  of  the  sun  be  imagined  to  bo  surrounded  by 
spheres  having  semi-diameters  increasing  successively  by  a 
constant  Increment  of  20  millions  of  miles,  the  number  out  of 
every  hundred  known  comets  whose  perihelia  lie  between 
sphere  and  sphere,  will  be  as  follows  :— 


within   SO 

between  20  and  40 

40  „  60 

60  „  80 

80  „  100 

100  „  120 

120  „  140 

140  „  160 

160  ^  180 

180  „  220 

220  „  420 


100-00 


It  is  evident  that  the  small  proportion  of  the  perihelia  which 
lie  outside  the  sphere,  whose  radius  is  120  millions  of  miles, 
must  be  ascribed  to  the  fact  that  comets  moving  in  such  orbits 
will  mostly  escape  observation :  but  it  may,  perhaps,  be  assumed 
that,  ceteris  paribus^  the  comets  whose  perihelia  lie  within  a 
sphere  through  the  earth's  orbit  have  nearly  equal  chances  of 
being  observed.  If  this  be  assumed,  then  it  will  follow  that 
the  ndfaibers  of  such  comets  which  have  been  observed  are 
nearly  proportional  to  their  total  numbers,  and  therefore  that 
the  numbers  within  this  limit  in  the  preceding  table  do 
actually  represent  approiumately  the  distribution  of  the  points 
of  perihelia  round  the  son. 

If  we  compare  then  the  number  of  perihelia  situate  between 
the  equidistant  spheres  indicated  in  the  preceding  table  with, 
the  cubical  spaces  through  which  they  are  respectively  dis<* 
tributed,  we  shall  obtain  an  approximate  estimate  of  the  density 
of  their  distribution  in  relation  to  the  distances  from  the  sun, 
I  have  computed  the  following  table  with  this  view.  In  the 
second  column  I  have  given  the  .number  of  comets  pen^cent, 
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wbose  perikelia  are  included  between  th^  equidistant  spheres; 
in  the  third  column  the  numbers  express  the  cubical  spaces 
between  sphere  and  sphere,  the  volume  of  the  sphere  whose 
radius  is  20  millions  of  miles,  being  the  cubical  unit ;  and  ii^ 
the  fourth  column  the  numbers  are  the  quotients  of  those  in 
the  second  divided  by  those  in  the  third,  and  therefore  express 
the  successive  densities  of  the  perihelia  between  sphere  and 
9phere. 


NamtenoT 

CqMmI 

D«ntltyor 

OtofO 

PwihdU. 

Sp^c. 

PcrilMlU. 

»-65 

1 

865 

so      40             -            • 
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7 

1*C7 

40      60             .            . 

80-30 

19 

IK« 

60      80             .           - 

ir-io 

87 

047 

80    too 

20*^ 

61 

OM 

100    120 

B'&i 

91 

0-095 

It  is  evident  theii  that  the  density  of  the  perihelia  increases 
rapidly  in  approaching  the  sun.  If  the  numbers  in  the  last 
column  of  the  table  be  compared  with  the  inverse  powers  of 
the  distance,  it  will  be  found  that  this  increase  of  density  is 
more  rapid  than  the  inverse  distance,  but  less  so  than  the  in- 
verse distance  squared. 

VnL  Physical  constitution  of  comets. 

308 1 .  Apparentform — Head  and  TaiL — Comets  in  general, 
and  more  especially  those  which  are  visible  without  a  telescope, 
present  the  appearance  of  a  roundish  mass  of  illuminated 
vapour  or  nebulous  matter,  to  which  is  often,  though  not  always, 
attached  a  train  more  or  less  extensive,  composed  of  matter 
having  a  like  appearance.  The  former  is  called  the  heao^  and 
the  latter  the  tail  of  the  comet. 

.  3082«  Nucleus. — The  illumination  of  the  head  is  not  generally 
uniform.  Sometimes  a  bright  central  spot  Is  seen  in  the  nebulous 
matter  ^hich  forms  it.  This  is  called  the  nucleus. 
.  The  nucleus  sometimes  appears  as  a  bright  stellar  point,  and 
sometimes  presents  the  appearance  of  a  planetary  disk  seen 
through  a  nebulous  haze.  In  general,  however,  on  examining  the 
object  with  high  optical  power,  these  appearances  are  changed, 
and  the  object  seems  to  be  a  mere  mass  of  illuminated  vapour 
from  «ts  borders.to  its  centre. 
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8083.  Coma. — When  a  nucleos  is  apparent,  or  sopposed  to 
be  80,  the  nebulous  haze  which  surrounds  it  and  forms  the 
exterior  part  of  the  head  is  called  the  coma. 

3084.  Origin  of  the  name. — These  designations  are  taken 
from  the  Greek  word  xofi^  (kom^)  hair,  the  nebulous  matter 
composing  the  coma  and  tail  being  supposed  to  resemble  hair,, 
and  the  object  being  therefore  called  i:o/i^c  (kometes),  a 
bairj  star. 

3085.  Magnitude  of  the  head. — As  the  brightness  of  the 
coma  gradually  fades  awaj  towards  the  edges,  it  is  impossible  to 
determine  with  any  great  degree  of  precision  its  real  dimensions. 
These,  however,  are  obviously  subject  to  enormous  variation,  not 
only  in  different  comets  compared  one  with  another,  but  eveii 
in  the  same  comet  during  the  interval  of  a  single  perihelion 
passage.  The  greatest  of  those  which  have  been  submitted  to 
micrometrical  measurement  was  the  great  comet  of  1811,  Table 
YI.  No.  8,  the  diameter  of  the  bead  of  which  was  found  to  be 
not  less  than  1^  millions  of  miles,  which  would  give  a  volume 
greater  than  that  of  the  sun  in  the  ratio  of  about  2  to  1.  The 
diameter  of  the  head  of  Halley's  comet  when  departing  from 
the  sun,  in  1836,  at  one  time  measured  367,000  miles,  giving  a 
volume  more  than  sixty  times  that  of  Jupiter.  These  are, 
however,  the  greatest  dimensions  which  have  been  observed  in 
this  class  of  objects,  the  diameter  rarely  exceeding  200,000 
miles,  and  being  generally  less  than  100,000. 

3086.  Magnitude  of  the  nucleus.  —  Attempts  have  been  made 
where  nuclei  were  perceivable,  to  estimate  their  magnitude,  and 
diameters  have  been  assigned  to  them,  varying  from  100  to  5000 
miles.  For  the  reasons,  however,  already  explained,  these  results 
must  be  regarded  as  very  doubtfuL 

Those  who  deny  the  existence  of  solid  matter  within  the 
coma,  maintain  that  even  the  most  brilliant  and  conspicuous 
of  those  bodies,  and  those  which  have  presented  the  strongest 
resemblance  to  planets,  are  more  or  less  transparent  It  might 
be  supposed  that  a  fact  so  simple  as  this,  in  this  age  of  astro- 
nomical activity,  could  not  remain  doubtful ;  but  it  must  be 
considered,  that  the  combination  of  circumstances  which  alone 
would  test  such  a  question,  is  of  rare  occurrence.  It  would 
}^  necessary  that  the  centre  of  the  head  of  the  comet,  although 
very  small,  should  pass  critically  over  a  star,  in  order  to  ascer- 
l^n  whether  such  star  is  visible  through  it.   With  comets  having 
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extensire  comflD  without  nudei,  this  has  sometimes  occaired ; 
but  we  have  not  had  such  satisfactory  examples  in  the  more 
rare  instances  of  those  which  hare  distinct  nuclei. 
'  In  the  absence  of  a  more  decisive  test  of  the  occultation  of  a 
star  by  the  nucleus,  it  has  been  maintained  that  the  existence 
of  a  solid  nucleus  maj  be  fairly  inferred  from  the  great  splen* 
dour  which  has  attended  the  appeutince  of  some  comets,  A 
mere  viass  of  yapor  could  not,  it  is  contended,  reflect  such 
brilliant  light.  The  following  are  the  examples  adduced  bj 
Arago:— « 

In  the  jear  43  before  Christ,  a  comet  appeared  which  was  said  to  be  Ti&ible 
to  the  naked  eye  by  daylight  It  was  the  comet  which  the  Romans  considered 
^  be  the  soul  of  Cnsar  transferred  to  the  heavens  after  his  assassination. 

In  the  year  1402  two  remarkable  comets  were  recorded.  The  first  was  so 
brilliant  that  the  light  of  the  son  at  noon,  at  the  end  of  March,  did  not  prevent 
its  nucleus,  or  even  its  tail,  from  being  seen.  The  second  appeared  in  the 
Oionth  of  June,  and  was  visible  also  for  a  considerable  time  before  sunset. 

In  the  year  1532,  the  people  of  Milan  were  aUrmed  by  the  appearance  of 
a  star  which  was  visible  in  Uie  broad  daylight  At  that  time  Venus  was  not 
in  a  position  to  be  visible,  and  consequently  it  is  inferred  that  this  star  must 
have  been  a  comet 

The  comet  of  1577  was  discovered  on  the  13th  of  November  by  Tycho 
Brahe,  from  his  observatory  on  the  Mq  of  Huene,  in  the  Sound,  before  sunset 

On  the  1st  of  February,  1744,  Chizeaux  obs^red  a  comet  more  brilliant 
than  the  brightest  star  in  the  heavens,  which  soon  became  equal  in  splendour 
to  Jupiter,  and  in  the  beginning  of  March  it  was  visible  in  the  presence  of 
the  sun.  By  selec.ing  a  proper  position  for  observation,  on  the  1st  of  March 
it  was  seen  at  one  o'clock  in  the  afternoon  without  %  telescope. 

Such  is  the  amount  of  evidence  which  obserration  has  sup- 
plied respecting  the  existence  of  a  solid  nucleus.  The  most  that 
can  be  said  of  it  is,  that  it  presents  a  plausible  argument,  giving 
Some  probability,  but  no  positive  certainty,  that  comets  have 
visited  our  sjstem  which  have  solid  nuclei,  but,  meanwhile,  this 
can  only  be  maintained  with  respect  to  few :  most  of  those  which 
have  been  -seen,  and  all  to  which  very  accurate  observations 
have  been  directed,  have  afforded  evidence  of  being  mere  masses 
of  semi-transparent  matter. 

8087.  The  tail.  —  Although  by  far  the  great  majority  of 
comets  are  not  attended  by  tails,  yet  that  appendage,  in  the  po* 
pular  mind,  is  more  inseparable  from  the  idea  of  a  comet  than 
any  other  attribute  of  these  bodies.  This  proceeds  from  its 
singular  and  striking  appearance^  and  from  the  fact  that  most 
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comets  .visible  to  the  naked  eje  have  had  tails.  In  the  year  1531; 
on  the  occasion  of  one  of  the  visits  of  Halle/s  comet  to  the  solar 
sjstem,  Pierre  Apian  observed  that  the  comet  generally  pre* 
sented  its  tail  in  the  direction  opposite  to  that  of  the  sun.  This 
principle  was  hastily  generalized,  and  is  even  at  present  too  ge- 
nerally adopted.  It  is  true  that  in  most  cases  the  tail  extends 
itself  from  that  part  of  the  comet  which  is  most  remote  from  the 
sun;  but  its  direction  rarely  corresponds  with  the  direction 
which  the  shadow  of  the  comet  would  take.  Sometimes  it  has 
happened  that  the  tail  forms  with  a  line  drawn  to  the  sun  a 
considerable  angle,  and  cases  have  occurred  when  it  was  actu- 
ally at  right  angles  to  it. 

Another  character  which  has  been  observed  to  attach  to  the 
tails  of  comets,  which,  however,  is  not  invariable,  is,  that  they 
incline  constantly  toward  the  r^ion  last  quitted  by  the  comet, 
as  if  in  its  progress  through  space  it  were  subject  to  the  action 
of  some  resisting  medium,  so  that  the  nebulous  matter  with 
i^hich  it  is  invested,  suffering  more  resistance  than  the  solid 
nucleus,  remains  behind  it  and  forms  the  taiL 

The  tail  sometimes  appears  to  have  a  curved  form.  That 
of  the  comet  of  1744  formed  almost  a  quadrant.  It  is  supposed 
that  the  convexity  of  the  curve,  if  it  exists,  is  turned  in  the 
direction  from  which  the  comet  moves.  It  is  proper  to  state, 
however,  that  these  circumstances  regarding  the  tail  have  not 
been  clearly  and  satisfactorily  ascertained. 

The  tails  of  comets  are  not  of  uniform  breadth  or  diameter ; 
they  appear  to  diverge  from  the  comet,  enlarging  in  breadth  and 
diminishing  in  brightness  as  their  distance  from  the  comet  in- 
creases. The  middle  of  the  tail  usually  presents  a  dark  stripe, 
which  divides  it  longitudinally  into  two  distinct  parts.  It  was 
long  supposed  that  this  dark  stripe  was  the  shadow  of  the  body 
of  the  comet,  and  this  explanation  might  be  accepted  if  the  tail 
was  always  turned  from  the  sun ;  but  we  find  the  dark  stripe 
equally  exists  when  the  tail,  being  turned  sideward,  is  exposed 
to  the  effect  of  the  sun's  light 

This  appearance  is  usually  explained  by  the  supposition  that 
the  tail  is  a  hollow,  conical  shell  of  vapor,  the  external  surface 
of  which  possesses  a  certain  thickness.  When  we  view  it,  we 
look  through  a  considerable  thickness  of  vapor  at  the  edges,  and 
through  a  comparatively  small  quantity  at  the  middle.  Thus 
upon  the.  supposition  of  a  hollow  cone,  the  greatest  brightness 
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would  appear  at  the  sides,  and  the  existence  of  a  dark  space  in 
the  middle  would  be  perfectly  accounted  for. 

The  tails  of  comets  are  not  always  single ;  some  have  appeared 
at  different  times  with  several  separate  tails.  The  comet  of 
1744»  which  appeared  on  the  7th  or  8th  of  March,  had  six  tails, 
each  about  4"^  in  breadth,  and  from  3(r  to  44""  in  length.  Their 
aides  were  well  defined  and  tolerably  bright^  and  the  spaces 
between  them  were  as  dark  as  the  other  parts  of  the  heavens. 

The  tails  of  comets  have  frequently  appeared,  not  only  of  im- 
mense real  length,  but  extending  over  considerable  spaces  of 
the  heavens.  It  will  be  easily  understood  that  the  apparent 
length  depends  conjointly  upon  the  real  length  of  the  tail,  and 
the  position  in  which  it  is  pretent^  to  the  eye.  If  the  line  of 
vision  be  at  right  angles  to  it,  its  length  will  appear  as  great  as 
it  can  do  at  its  existing  distance ;  if  it  be  oblique  to  the  eye,  it 
will  be  foreshortened,  more  or  less,  according  to  the  angle  of 
obliquity.  The  real  length  of  the  tail  is  easily  calculated  when 
the  apparent  length  is  observed  and  the  angle  of  obliquity 
known. 

In  respect  of  magnitude,  the  tails  are  unquestionably  the  most 
stupendous  objects  which  the  discoveries  of  the  astronomer  have 
ever  presented  to  human  contemplation. 

The  following  are  the  results  of  the  observation  and  measure- 
ment of  a  few  of  the  more  remarkable. 


TMm, 

No. 

Qftwt  dbmn^A  LmgAi  rf  T»». 

mllet. 

VIII 

148 

1M7 

6.000.000 

— 

73 

1744 

19.000,000 

VI 

4 

1768 

40.000,000 

VIII 

46 

1618 

50.000.000 

VI 

1 

1680 

100,000.C00 

_ 

6 

1811 

100.000,000 

•• 

9 

1811 

130,000,000 

— 

16 

1643 

SOO.000.000 

The  magnitude  of  these  prodigious  appendages  is  even  less 
amazing  than  the  brief  period  in  which  they  sometimes  emanate 
from  the  head.  The  tail  of  the  comet  of  1843,  long  enough  to 
stretch  from  the  sun  to  the  planetoids,  was  formed  in  less  than 
twenty  days. 

3088.  Mass,  volume,  and  density  ofcotnets.  —  The  masses  of 
comets,  like  those  of  the  planets,  would  be  ascertained  if  the  re- 
ciprocal effects  of  their  gravitation,  and  those  of  any  known 
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bodied  in  the  system  could  be  observed.  But  oTthougli  the  dis*^ 
turbiog  action  of  the  planets  on  these  bodies  is  conspicuous,  and 
its  effects  have  been  calculated  and  observed^  not  the  slightest 
effect  of  the  same  kind  has  ever  been  ascertained  to  be  pro- 
duced bj  them,  even  upon  the  smallest  bodies  in  the  sjstem, 
and  those  to  which  cometfr  have  approached  most  nearly. 

In  fine,  notwithstanding  the  enormous  number  of  comets,  ob^ 
served  and  unobserved,  which  constantly  traverse  the  solar 
system  in  all  conceivable  directions;  notwithstanding  the  per-* 
manent  revolution  of  the  periodic  comets,  whose  presence  and 
orbits  have  been  ascertained;  notwithstanding  the  frequent 
visits  of  comets,  which  so  thoroughly  penetrate  the  system  as 
almost  to  touch  the  surface  of  the  sun  at  their  perihelion,  the 
motions  of  the  various  bodies  of  the  system,  great  and  small, 
planets  mf^or  and  minor,  planetoids  and  satellites,  go  on  pre- 
cisely as  if  no  such  bodies  as  the  comets  approached  their 
neighbourhood.  Not  the  smallest  effects  of  the  attraction  of 
such  visitors  are  discoverable. 

Now  since,  on  the  other  hand,  the  .disturbing  effects  of  the 
planets  upon  the  comets  are  strikingly  manifest,  and  since  the 
comets  move  in  elliptic,  parabolic  or  hyperbolic  orbits,  of  which 
the  sun  is  the  common  focus,  it  is  demonstrated  that  these  bodies 
are  composed  of  ponderable  matter,  which  is  subject  to  all  the 
consequences  of  the  law  of  gravitation.  It  cannot,  therefore,  be 
doubted  that  the  comets  do  produce  a  disturbing  action  on  the 
planets,  although  its  effects  are  inappreciable  even  by  the  most 
exact  observation.  Since,  then,  the  disturbances  mutually  pro- 
duced are  in  the  proportion  of  the  disturbing  masses,  it  follows 
that  the  masses  of  the  comets  must  be  smaller  beyond  all  calcu- 
lation than  the  masses  even  of  the  smallest  bodies  among  the 
planets  primary  or  secondary. 

The  volumes  of  comets  in  general  exceed  those  of  the  planets 
in  a  proportion  nearly  as  great  as  that  by  which  the  masses 
of  the  planets  exceed  those  of  the  comets.  The  consequence 
obviously  resulting  from  this,  is  that  the  density  of  comets  is 
incalculably  small. 

Their  densities  in  general  are  probably  thousands  of  times 
less  than  that  of  the  atmosphere  in  the  stratum  next  the  surface 
of  the  Earth. 

.  3089.  Light  of  comets.  —  That  planets  are  not  self-luminous, 
bat  receive  their  ligbt  from  the  sun,  is  proved  by  their  phases^ 
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and  by  tbe  shadows  of  their  satellites,  which  are  projected  upon 
them,  when  the  latter  are  interposed  between  them  and  the 
son.  These  tests  are  inapplicable  to  comets.  Thej  exhibit  no 
phases,  and  are  attended  bj  no  bodies  to  intercept  the  sun's  light. 
But,  unless  it  could  be  shewn  that  a  comet  is  a  solid  mass,  im* 
penetrable  to  the  solar  rajs,  the  non-existence  of  phases  is  not 
a  proof  that  the  body  does  not  receiye  its  light  from  the  sun. 

A  mere  mass  of  cloud  or  vapor,  though  not  self-luminous,  but 
rendered  yisible  by  borrowed  light,  would  still  exhibit  no  effect 
of  this  kind :  its  imperfect  opacity  would  allow  the  solar  light 
to  affect  its  constituent  parts  throughout  its  entire  depth — so 
that,  like  a  thin  fleecy  cloud,  it  would  appear  not  superficially 
illuminated,  but  receiving  and  reflecting  light  through  all  ita 
dimensions.  With  respect  to  comets,  therefore,  the  doubt  which 
has  existed  is,  whether  the  light  which  proceeds  from  them,  and 
by  which  they  become  visible,  is  a  light  of  their  own,  or  is  the 
light  of  the  sun  shining  upon  them,  and  reflected  to  our  eyes 
like  light  from  a  cloud.  Among  several  tests  which  have  been 
proposed  to  decide  this  question,  one  suggested  by  Arago  merits 
attention. 

It  has  been  already  shown  (1131  et  seg.)^  that  the  apparent 
brightness  of  a  visible  object  is  the  same  at  all  distances,  sup- 
posing its  real  brightness  to  remain  unchanged.  Now  if  comets 
shone  with  their  proper  light,  and  not  by  light  received  from 
the  sun,  their  apparent  brightness  would  not  decrease  as  they 
would  recede  from  the  sun,  and  they  would  cease  to  be  visible, 
not  because  of  the  faintness  of  their  light,  but  because  of  the 
smallness  of  their  apparent  magnitude.  Now  the  contrary  is 
found  to  be  the  case*  As  the  comet  retires  from  the  sun  its 
apparent  brightness  rapidly  decreases,  and  it  ceases  to  be  visible 
from  the  mere  faintness  of  its  light,  while  it  still  subtends  a 
considerable  visual  angle. 

3090.  Enlargement  of  magnitude  on  departing  from  th^ 
sun*  —  It  will  doubtless  excite  surprise,  that  the  dimensions  of 
a  comet  should  be  enlarged  as  it  recedes  from  the  source  of  heat. 
It  has  been  often  observed  in  astronomical  inquiries,  that  the 
effects,  which  at  first  view  seem  most  improbable,  are  never^ 
theless  those  which  frequently  prove  to  be  true ;  and  so  it  is  in 
this  case.  It  was  long  believed  that  comets  enlarged  as  they, 
approached  the  sun ;  and  this  supposed  effect  was  naturally  and 
probably  ascribed  to  the  heat  of  the  sun  expanding  their  dimen^ 
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sions.  But  more  recent  and  exact  obserratlohs  have  shown  the 
very  reverse  to  be  thefact»  Comets  increase  their  apparent  volume 
as  they  recede  from  the  sun  ;  and  this  is  a  law  to  which  there 
appears  to  be  no  well-ascertained  exception.  This  singular  and 
unexpected  phenomenon  has  been  attempted  to  be  accounted  foi? 
in  several  ways.  Yalz  ascribed  it  to  the  pressure  of  the  solar 
atmosphere  acting  upon  the  comet ;  that  atmosphere  being  more 
dense  near  the  sun^  compresses  the  comet  and  diminishes  its 
dimensions ;  and,  at  a  greater  distance,  being  relieved  from  this 
coercion,  the  body  swells  to  its  natural  bulk.  A  very  ingenious 
train  of  reasoning  was  produced  in  support  of  this  theory.  The 
density  of  the  solar  atmosphere  and  the  elasticity  of  the  c<Mnet, 
being  assumed  to  be  such  as  they  might  naturally  be  supposed, 
the  variations  of  the  comet's  bulk  are  deduced  by  strict  reason- 
ing, and  show  a  surprising  coincidence  with  the  observed 
change  in  the  dimensions.  .  But  this  hypothesis  is  tainted  by  a 
fatal  error.  ,  It  proceeds  upon  the  supposition  that  the  comet» 
on  the  one  hand,  is  formed  of  an  elastic  gas  or  vapor ;  and,  on 
the  other,  that  it  is  impervious  to  the  solar  atmosphere  through 
which  it  moves.  To  establish  the  theory,  it  would  be  neces* 
sary  to  suppose  that  the  elastic  fluid  composing  the  comet 
should  be  surrounded  by  a  nappe  or  envelope  as  elastic  as  the 
fluid  composing  the  cornet^  and  yet  wholly  impenetrable  by  the 
solar  atmosphere. 

After  several  ingenious  hypotheses*  having  been  proposed 
and  successively  rejected  for  explaining  this  phenomenon,  it 
seems  now  agreed  to  ascribe  it  to  the  action  of  the  var3ring  tem- 
perature to  which  the  vapour  which  composes  the  nebulous 
envelope  is  exposed.  As  the  comet  approaches  the  sun,  this 
vapour  is  converted  by  intense  heat  into  a  pure,  transparent^ 
and  therefore  invisible  elastic  fluid.  As  it  recedes  from  the  sun,, 
the  temperature  decreasing  it  is  partially  and  gradually  conn 
densed,  and  assumes  the  form  of  a  semitransparent  visible  cloudy 
as  steam  does  escaping  from  the  valve  of  a  steam  boiler.  It 
becomes  more  and  more  voluminous  as  the  distance  from  thet 
source  of  heat,  and  therefore  the  extent  of  condensation  is  aug- 
mented. 

;.  3091.  ProfesMor  Struv^s  drawings  of  Enche^s. comet --^Vio* 
fessor  Struve  made  a  series  of  observations  on  the  comet  of 

*  For  sevend  of  these,  see  Sir  J.  Herschers  memoir,  Froceodip^  of  As* 
ftonomical  Society,  voL  vi.  p.  104.  -  -    -  v- 
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Enckdy  al  the  period  of  its  reappenrance  in  1828,  and  by  the  aid 
of  the  great  Dorpat  teleaoope,  made  the  drawings  given  in  PL 
XlY.Ji^  J.  and  2. 

.  Itg.  L  represents  the  comet  as  it  appeared  on  the  7th  Novem- 
ber,  the  diameters  a  b  and  c  d  measuring  each  18'.  The  brightest 
part  of  the  comet  extended  from  «  to  i:,  and  was  consequently 
eccentric  to  it,  the  distance  of  the  centre  of  brightness  from  the 
eentre  of  magnitade  being  k  k.  Between  the  7th  and  the  dOth 
November,  the  magnitude  of  the  oomet  decreased  from  that  re* 
presented  in  fig.  1.  to  that  represented  in  fy,  2. ;  but  the  ap- 
parent brightness  was  so  much  increased,  that  at  the  latter  date 
it  was  visible  to  the  naked  eje  as  a  star  of  the  6th  magnitude. 
The  apparent  diameter  was  then  reduced  to  ff. 

On  November  7th  a  star  of  the  11th  magnitude  was  seen 
through  the  comet,  so  near  the  centre  r  of  brightness  that  it  was 
for  a  moment  mistaken  for  a  nucleus.  The  brightness  of  the  star 
was  not  in  the  least  perceptible  degree  dimmed  by  the  mass  of 
oometary  matter  through  whidi  its  light  passed. 

It  was  evident  that  the  increase  of  the  brightness  of  the  comet 
en  the  80th  November,  must  be  ascril 
consequent  condensation,  of  the  nebu 
in  receding  from  the  sun,  for  its  distai 
7th  November,  when,  it  subtended  ai 
(the  earth's  mean  distance  from  the  i 
distance  on  the  dOth,  when  it  subtende 
0*477.  Its  cubical  dimensions  must,  tl 
nished,  and  the  density  of  the  matter 
in  more  than  an  eight-fold  proportion. 

3092.  Remarkable  physical  phenorm 
comet,  —  The  expectation  so  generally 
occasion  of  its  return  to  perihelion  ii 
afford  observers  occasion  for  obtainin( 
ation  of  some  satisfactory  views  resp 
stitution  of  the  class  of  which  it  is  so  i 
not  disappointed.  It  no  sooner  rea^ 
began  io  be  manifested,  preceding  and  \ 
formation  of  the  tail,  the  observation 

justly  regarded  as  forming  a  memorable  epoch  in  a8ht)nomical 
history* 

.  Happily,  these  strange  and  important  appearances  were  ob- 
served  with  the  greatest  zeal,  and  delineated  with  the  most  ela- 
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borate  and  'scruputoiis  fidelity  by  several  eminent  asironomers 
in  botb  hemispheres.  MM.  Bessel  at  Konigsburg,  Schwabe  at 
Dessau,  and  Struve  i&t  Pultowa,  and  Sir  J.  Herschel  and  Mr^ 
Maclear  at  the  Cape  of  Good  Hope,  have  severally  published 
their  observations,  aeoompanied  by  numerous  drawings,  exhibit-^ 
ing  the  successive  trans^nnations  presented  under  the  phy<< 
sical  influence  of  varying  temperature,  in  its  approach  to  and 
departure  from  the  sun. 

The  comet  first  became  visible  as  a  small  round  nebula,  with-^ 
out  a  tail,  and  having  a  bright  point  more  intensely  luminous 
than  the  rest  eccentrically  placed  withia  it.  On  the  2d  October^ 
the  tail  b^an  to  be  formed,  and,  increasing  rapidly,  acquired  a 
length  of  about  5^  on  the  6th ;  on  the  20th  it  attained  its  greatest 
length,  which  was  20^  It  began  after  that  day  to  decrease,  and 
its  diminution  was  so  rapid,  that  on  the  29th  it  was  reduced  to 
3^,  and  on  the  5th  November,  to  2^^.  The  comet  was  observed 
on  the  day  of  its  perihelion  by  M.  Struve,  at  the  Observatory 
of  Pultowa,  when  no  tail  whatev^  was  apparent 

The  circumstances  which  accompanied  the  increase  of  the 
tail  from  2d  October,  until  its  disappearance,  were  extremely 
remarkable,  and  were  observed  with  scrupulous  precision,  simul* 
taneously  by  Bessel  at  Konigsburg,  by  Struve  at  Pultowa,  and 
by  Schwabe  at  Dessau,  all  of  whom  made  drawings  from  time 
to  time,  delineating  the  successive  changes  which  it  underwent. 

On  the  2nd,  the  commencement  of  the  formation  of  the  taiV 
took  place  by  the  appearance  of  a  violent  ejection  of  nebulous 
matter  from  that  part  of  the  comet  which  was  presented  towards 
the  sun.  This  ejection  was,  however,  neither  uniform  nor  con- 
tinuous. Like  the  fiery  matter  issuing  from  the  crater  of  a 
volcano,  it  was  thrown  out  at  intervals.  After  the  ejection, 
which  was  conspicuous,  according  to  Bessel,  on  the  2nd,  it 
censed,  and  no  efflux  was  observed  for  several  days.  About 
the  8th,  however,  it  recommenced  more  violently  than  before^ 
and  assumed  a  new  form.  At  this  time  Schwabe  noticed  an 
appearance  which  he  denominates  a  '^  second  tail,**  presented  in 
a  direction  opposed  to  that  of  the  original  tail,  and,  therefore, 
towards  the  sun.  This  appearance  seems,  however,  to  be  re- 
garded by  Bessel  merely  as  the  renewed  ejection  of  nebulous 
matter  which  was  afterwards  turned  back  from  the  sun,  as 
smoke  would  be  by  a  current  of  air  blowing  from  the  sun  in 
the  direction  of  the  original  tail.  ... 
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From  tbe  8th  to  the  22Qd,  the  form,  position,  and  brightness 
of  the  nebuloos  emanations  underwent  varioas  and  irregular 
changes,  the  kst  alternately  increasing  and  decreasing. 

At  one  time  two^  at  another  three,  nebulous  emanations  were 
observed  to  issue  in  divergent  directions.  These  directions 
were  continually  varjing,  as  well  as  their  comparative  bright* 
Hess.  Sometimes  thej  would  assume  a  swallow-tailed  form, 
resembling  the  flame  issuing  from  a  fan  gas-burner.  The 
principal  jet  (nr  tail  was  also  observed  to  oscillate  on  the  one 
side  and  the  other  of  a  line  drawn  from  the  sun  through  the 
centre  of  the  head  of  the  comet,  exactly  as  a  compass  needle 
oscillates  between  the  one  and  the  other  side  of  the  magnetic 
meridian*  This  oscillation  was  so  rapid,  that  the  direction  of 
the  jets  was  visibly  changed  from  hour  to  hour.  The  bright- 
ness of  the  matter  composing  them,  being  most  intense  at  the 
point  at  which  it  seemed  to  be  ejected  from  the  nucleus,  faded 
away  as  it  expanded  into  the  coma,  curving  backwards,  in  the 
direction  of  the  principal  tail,  like  steanfi  or  smoke  before  the 
wind. 

3098.  Struv^s  drawings  of  the  comet  approaching  the  tun  in 
1835.  —  These  curious  phenomena  will,  however,  be  more 
clearly  conceived  by  the  aid  of  the  admirable  drawings  of 
M.  Struve,  which  we  have  reproduced  with  all  practicable 
fidelity,  in  Plates  XV.  XVL  and  XVIL  These  drawings  were 
executed  by  M.  Eruger,  an  eminent  artist,  from  the  immediate 
observation  of  the  appearances  of  the  comet  with  the  great 
Fraunhoffer  telescope,  at  the  Pultowa  Observatory.  The 
sketches  of  the  artist  were  corrected  by  the  astronomer,  and 
only  adopted  definitively  after  repeated  comparisons  with  the 
object.  The  original  drawings  are  preserved  in  the  library  of 
the  observatory. 

.  3094.  Its  appearance  29th  September. ^Vltite  XY.  Jig.  K 
represents  the  appearance  of  the  comet  on  the  29th  September. 
The  tail  was  difficult  to  be  recognised,  appearing  to  be  composed 
of  very  feeble  nebulous  matter.  The  nucleus  passed  almost 
centrically  over  a  star  of  the  10th  magnitude,  without  in  the 
slightest  degree  affecting  its  apparent  brightness.  The  star 
was  distinctly  seen  through  the  densest  part  of  the  comet. 
Another  transit  of  a  star  took  place  with  a  like  result. 
.  Annexed  is  the  scale  according  to  which  this  drawing  has 
been  made. 
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3095.  Appearance  on  October  8. —  This  is  represented  in 
Jig.  2.  on  the  same  scale. 

The  comet  changed  not  onlj  its  magnitude  and  form,  bni 
also  its  position,  since  September  29.  On  that  daj  the  direction 
of  the  tail  was  that  of  the  parallel  of  declination  through  the 
iiead.  On  October  3.  it  was  inclined  from  that  parallel  towards 
the  north  at  a  small  angle,  and,  instead  of  being  straight,  was 
curved.  The  diameter  of  the  head  was  increased  in  the  ratio  of 
2  to  3,  and  the  length  of  the  tail  in  the  ratio  of  nearly  I  to  3. 

3096.  Appearance  on  October  8.— Plate  XVI.  y?^.  1.  This 
drawing  is  made  on  the  subjoined  scale  of  seconds. 

tt  10"     (T         fCr        4(r  60^  80^  100"       110^ 

p"'   t ' »    ^   t    1 I    r    f    I    I    I    I 

On  the  £th,'6th,  and  7th  the  Comet  underwent  several 
changes :  the  nucleus  became  more  conspicuous.  On  the  6th, 
a  fan-formed  flame  issued  from  it,  which  disappeared  on  the 
7th,  and  reappeared  on  the  8th  with  increased  splendour,  as 
represented  in  the  figure.  The  nucleus  appeared  like  a  burning 
coal,  of  oblong  form,  and  yellowish  colour.  The  extent  of  the 
flame-like  emanation  was  about  30^^  The  feeble  nebula  sur« 
rounding  the  nuclei  extended  much  beyond  the  limits  of  the 
drawing,  but,  being  overpowered  by  the  moonlight,  could  not 
be  measured. 

3097.  Appearance  on  October  9.— Plate  XVI.  ^.  2.,  same 
scale,  represents  the  nucleus  and  flame-like  emanatiQn,  which 
entirely  changed  their  form  and  magnitude  since  the  preceding 
night.  The  tail  (not  included  in  the  drawing)  measured  very 
nearly  2^.  The  flame  consisted  of  two  parts,  one  resembling 
that  seen  on  the  8th,  and  the  other  issuing  like  the  jet  from  a 
blow-pipe  in  ^  direction  at  right  angles  to  it.  The  figure 
represents  the  nucleus-  and' flame  as  they  appeared  at  21^  sid^ 
time,  with  a  magnifying  power  of  254. 

3098.  Appearance  an  October  10. — Plate  'X.YL  Jig,  3.  on 
the  same  scale.  The  tail,  which  still  measured  nearly  2%  was 
now  much  brighter,  being  visible  to  the  naked  ^e,  notwithstand- 
ing strong  moonlight.  The  coma  was  evidently  broader  than  the 
taiL    The  flaming  nucleus  is  represented  in  the  drawing  as  it 
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appeared  under  a  magnifying  power  of  86,  with  a  field  of  Id' 
diameter,  the  entire  of  which  was  filled  with  this  coma.  The 
diameter  of  the  ktter  mast,  therefore,  have  been  more  than  18^ 
The  drawing  was  taken  at  21  A.  a.  t. 

3099.  Appearance  on  October  12.T-Phite  XVI.  Jig.  4.  on 
the  same  scale.  The  comet  appeared  at  OA  —  25m.  a.  t.  for 
a  short  interval  in  uncommon  splendour, 
however,  alone  being  visible,  as  represi 
The  greatest  extent  of  the  flame  measui 
ance  was  most  beautiful,  resembling  a  j 
the  nucleus,  like  flame  from  a  blow-pipe 
discharge  of  a  mortar,  attended  with  tb 
jjefore  the  wind. 

8100.  Appearance  on  October  14. — 
the  same  scale.  The  principal  flame  was 
extending  to  the  apparent  length  of  13^ 
curved  form  were  most  remarkable. 

3101.  Appearance  on  October  29—^ 
all  observation  for  12  days.  On  the  27ii 
to  the  naked  eye  as  bright  as  a  star  of  th 
tail  being  distinctly  visible.  The  coma  si 
appeared  as  a  uniform  nebula.  The  ti 
great  length ;  but,  owing  to  the  low  alti 
serration  was  taken,  it  could  not  be  met 
however,  the  comet  was  presented  under 
conditions,  and  the  drawings,  Plate  XY.^ 
fig,  I.  were  made.  The  former  represents  the  entire  comet, 
including  the  whole  visible  extent  of  the  tail,  and  is  drawn  to 

o*                     w                   w                   w                   ¥r 
|i  !H  I  II  I  I  I I I I 

the  annexed  scale  of  minutes.  The  latter  represents  the  head 
of  the  comet  only,  and  is  drawn  to  the  annexed  scale  of  seconds. 

inr  V*      to^      w*     w*     90^    \ov*   \w 
['""    t    t     t    t    i    t    r     f    I    I   I    i 

At  20^  30™  s.  t.,  the  head  presented  the  appearance  repre- 
sented  in  Plate  XVIL  fg.  1 .   The  chief  coma  was  almost  exactly 
circular,  and  had  a  diameter  of  165".     With  a  power  of  198^ 
the  nucleus  appeared  as  in  the  figure,  the  diameter  being  about ' 
y'25  to  1-50.     The  ^ame  issuing  from  the  nucleus,  cuired 
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back  like  smoke  before  the  wind,  was  yerj  conspicuotis.  The 
oppearance  of  the  fonnation  of  the  tail  as  it  issues  from  the 
nucleus  was  remarkably  deyeloped* 

3102.  Appearance  on  November  6. — Plate  XYIL  Jig.  2» 
This  drawing  represents  the  nucleus  and  flame  issuing  froni 
it  on  the  annexed  scale  of  seconds. 

icr  0*           10^          40"          w  w         100"         no» 

I'llll I 1 1 ! 1 I '       «        '       '       '       I 

The  proper  nucleus  was  fonnd  to  measure  about  2^'8.  Two 
flames  were  seen  issuing  from  it  in  nearly  opposite  directions; 
and  both  curved  towards  the  same  side.  The  brighter  flame, 
directed,  towards  the  north,  was  marked  by  strongly  defined 
edges.  The  other,  directed  towards  the  south,  was  more  feeble 
and  ill-defined. 

3103.  Sir  J,  HerscheVs  deductions  from  these  phenomena.  ^^ 
Sir  J.  Herschel,  who  also  observed  this  comet  himself  at  the 
Cape  of  Good  Hope,  makes  from  all  these  observations  th6 
following  inferences. 

1.  That  the  matter  of  the  comet  vaporised  by  the  sun's  heat 
escapes  in  jets,  throwing  the  comet  into  irregular  motion  by  its 
reaction,  and  thus  changing  its  own  direction  of  ejection. 

2.  That  this  ejection  takes  place  principally  from  the  part 
presented  to  the  san. 

3.  That  thus  ejected  it  encounters'  a  resistance  from  some 
unknown  force  by  which  it  is  repulsed  in  the  opposite  direc- 
tion, and  so  forms  the  tail. 

4.  That  this  acts  unequally  on  the  cometary  matter,  which 
is  not  all  vaporised,  and  of  that  which  is  a  considerable  portion^ 
is  retained  so  as  to  form  the  head  and  coma. 

5.  That  this  force  cannot  be  solar  gravitation,  being  contrary 
to  that  in  its  direction,  and  very  much  greater  in  its  intensity; 
as  is  manifest  by  the  enormous  velocity  with  which  the  matter 
qf  the  tail  is  driven  from  the  sun. 

6.  That  the  matter  thus  repelled  to  a  distance  so  great  from 
a  body  whose  mass  is  so  small  must  to  a  great  extent  escape 
from  the  feeble  influence  of  the  gravitation  of  the  mass  com* 
posing  the  head  and  coma,  and,  unless  there  be  some  mor6 
active  agency  in  operation,  a  large  portion  of  such  vaporised 
matter  must  be  lost  in  space,  never  to  reunite  with  the  comet. 
This  would  lead  to  the  consequence,  that  at  every  passage 
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through  its  perihelion  the  comet  would  lose  mofe  and  more  of 
its  yaporisahle  constituents,  on  which  the  production  of  the 
coma  and  tail  depends,  so  that,  at  each  successive  return,  the 
dimensions  of  these  appendages  would  be  less  and  less,  as  tbej 
iiaye  in  fact  been  found  to  be. 

8104.  Appearance  of  the  eomei  after  perihelion. — On  re-* 
ceding  from  the  sun  after  its  perihelion,  the.  comet  was  observed 
under  very  favourable  circumstances  at  the  Cape  by  Sir  J.  Her- 
Bchel  and  Mr.  Maclear.    It  first  reappeared  there  on  the  24th  of 
January,  under  an  aspect  altogether  different  from  that  under 
which  it  was  seen  before  its  perihelion.    It  had  evidently,  as 
Sir  J.  Herschel  thinks,  undergone  some  great  physical  change, 
which  had  operated  an  entire  transformation  upon  it. 
•    ^<  Nothing  could  be  more  surprising  than  the  total  change 
which  had  taken  place  in  it  since  October.      •      .      »      A  new 
and  unexpected  phenomenon  had  developed  itself,  quite  unique 
in  the  history  of  comets.     Within  the  well-defined  head,  some* 
what  eccentrically  placed,  was  a  vivid  nucleus  resembling  a 
miniature  comet,  with  a  head  and  tail  of  its  own,  perfectly 
distinct  from  and  considerably  exceeding  in  intensity  the  ne- 
bulous disk  or  envelope  which  I  have  above  called  the  '  head.' 
A  minute  bright  point,  like  a  small  star,  was  distinctly  per? 
jseived  within  it,  but  which  was  never  quite  so  well  defined  as  to 
give  the  positive  assurance  of  the  existence  of  a  solid  sphere, 
much  lesr could  any  phase  be  discerned.^* 
.    3105.  Observations  and  dratoings  of  Messrs.  Maclear  and 
Smith. — The  phenomena  and  changes  which  the  comet  pre; 
sented  from  its  reappearance  on  the  24th  of  January,  until  its 
4nal  disappearance,  have  been  described  with  great  deamess 
by  Mr.  Maclear,  and  illustrated  by  a  beautiful  series  of  drawings 
by  that  astronomer  and  his  assistant,  Mr.  Smith,  in  a  memoir 
which  appeared  in  the  tenth  volume  of  the  Transactions  of  the 
^yal  Astronomical  Society,  from  which  we  reproduce  the  s^ies 
of  illustrations  given  on  Plates  XVm.  and  XIX. 
t    3106.  Appearance  on  January  2^  —  The  comet  appeared 
lis  'mfig,  I.,  visible  to  the  naked  eye  as  a  star  of  the  second  mag? 
nitude.     The  head  was  nearly  circular,  and  presented  a  pretty 
well-defined  planetary  disc,  encompassed  by  a  coma  or  halo  of 
delicate  gossamer-like  brightness*    The  diameter  of  the  head, 

♦  Cape  Observations,  p.  397. 
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without  the  halo  or  coma,  measured  ISV^,  and  with  the  ktter 
492". 

3107.  Appearance  on  January  25. — Fig.  2.  Circular  form 
broken,  and  magnitude  increased.  Three  stars  seen  througt^ 
the  coma,  and  one  through  the  head. 

3108.  Appearance  on  Jantiary  26.  —  Fig.  3.  Magnitude 
again  increased,  but  coma  diminished* 

3109.  Appearance  on  January  27.  —  Fig,  4.  Comet  began 
to  assume  the  parabolic  form,  and  increase  of  magnitude  con« 
tinned. 

3110.  Appearance  on  January  2S. — Fig,  5.  The  coma  or 
halo  quite  invisible,  but  the  nucleus  appeared  like  a  faint  small 
star.  The  magnitude  of  the  comet  continued  to  increase.  The 
observer  fancied  he  saw  the  faint  outline  of  a  tail 

3111.  Appearance  on  January  30. — Fig.  6.  The  form  of 
the  comet  now  became  decidedly  parabolic  The  breadth  across 
the  head  was  702'^,  being  greater  than  on  the  24th  in  the  ratio  of 
49  to  70,  or  7  to  10,  which  corresponds  to  an  increase  of  volume 
in  the  ratio  of  1  to  3,  supposing  the  form  to  remain  unchanged ; 
but  it  was  estimated  that  the  extension  in  length  gave  a  super- 
ficial increase  in  the  ratio  of  35  to  1,  which  would  corre3pond 
to  a  much  greater  augmentation  of  volume. 

3112.  Appearance  on,  February  1. — Fig.  7.  Further  increase 
of  magnitude,  the  form  remaining  the  same. 

3113.  Appearance  on  February  7. — Plate  XIX. ^^.  8.  The 
comet  was  on  this  night  rendered  faint  hy  the  effect  of  moon« 
light. 

3114.  Appearance  on  February  10. — Fig.  9.  Further  in- 
crease of  volume.  A  star  visible  through  the  bodj  of  the 
comet. 

3115.  Appearance  on  February  16.  and  23. — Figs.  10,  11. 
The  magnitude  went  on  increasing,  while  the  illumination  be- 
came more  and  more  faint,  and  this  continued  until  the  comet's 
final  disappearance;  the  outline,  after  a  short  time,  became  so 
faint  as  to  be  lost  in  the  surrounding  darkness^  leaving  a  bland 
nebulous  blotch  with  a  bright  centre  enveloping  the  nucleus. 

3116.  Number  of  comets. — According  to  Mr.  Hind,  the  number 
of  comets  which  have  appeared  since  the  birth  of  Christ  in  each 
successive  century  is  as  follows :  L,  22. ;  IL,  23. ;  III.,  44. ; 
IV.,  27.;  v.,  16.;  VL,  25.;  VH.,  22.;  VIIL,  16.;  IX.,  42.; 
X.,  26.;  XL,  36.;  XIL,  26.-,  XIIL,  26.;  XIV.,  29.;  XV.,  27,; 
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XVI.,  31.;  XVn.,  25.;  XVIH.,  64.;  XTXL  (first  half),  80: 
Total,  e07- 

3117.  Duration  of  the  appearance  of  comets, —  Since  comets 
are  visible  only  near  their  perihelia,  when  their  yelocitj  is 
greatest,  the  duration  of  their  risibility  at  any  single  perihelion 
passage  is  generally  short.  The  longest  appearance  on  record 
is  that  of  the  great  comet  of  1811  (No.  8.,  Table  YL),  which 
continued  to  be  risible  for  510  days.  The  comet  of  1825 
(No.  IL,  Table  YI.)  was  risible  for  twelve  months,  and  others 
which  appeared  since  hare  been  seen  for  eight  months.  In 
genera],  howerer,  these  bodies  do  not  continue  to  be  seen  for 
more  than  two  or  three  months. 

3118.  Near  approach  of  comets  io  M«  earth, — Considering 
the  rast  numbers  of  comets  which  hare  passed  through  the 
system,  such  an  incident  as  the  collision  of  one  of  them  with  a 
planet  might  seem  no  rery  improbable  contingency.  Lexell's 
comet  was  supposed  to  hare  passed  among  the  satellites  of 
Jupiter;  and,  if  that  was  the  case,  it  is  certain  that  the 
motions  of  these  bodies  were  not  in  the  least  afiected  by  it. 
The  nearest  approach  to  the  earth  erer  made  by  a  comet  was 
that  of  the  comet  of  1684  (No.  55,^  Table  Vni.),  which 
came  within  216  semi-diameters  of  the  earth,  a  distance  not  so 
much  as  four  times  that  of  the  moon.  We  are  not  aware  of 
any  nearer  approach  than  this  being  certainly  ascertained. 


CHAP.  XIX. 

THEORT  OF  TARUBLE  ORBITS. 

3119.  Conditions  under  vjhich  elliptic  orbits  are  described 
— If  any  number  of  bodies  p,p',p'',  &c.,  moring  with  any 
relocitxes  in  any  directions  whaterer,  be  exposed  to  the  influence 
of  the  attraction  of  a  central  body  s,  in  a  fixed  position,  such 
attraction  rarying  in  its  intensity  inversely  as  the  square  of  the 
dbtance  of  the  attracted  body  from  s ;  and  if  at  the  same  time 
the  sereral  bodies  p,p'',p^',  &c.,  exert  no  attraction  either  upon 
each  other  or  upon  the  central  body  s ;  these  bodies  p,p',p",  &c., 
will  each  of  them  revolve  in  an  ellipse  of  which  the  centre  of 
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the  attracting  bodj  s  is  the  focns.  Each  of  these  elliptic 
orlHts  will  be  invariable  in  form,  magnitude,  and  position,  and 
so  long  as  such  a  system  would  be  exposed  to  the  influence  of 
no  other  force  than  the  central  attraction  of  s,  each  of  the 
bodies  p,p',p",  &c.,  would  continue  to  revolve  round  s  in  the 
same  invariable  orbit. 

The  general  proposition  here  enunciated  was  demonstrated 
by  Newton  in  the  first  book  of  his  celebrated  work  entitled  the 
Frincipia- 

^120.  Forces  other  than  the  central  attraction  v>ould  de* 
itroy  the  elliptic  form. — If,  however,  the  bodies  composing 
such  a  system  were  exposed  to  the  influence  of  any  other 
attraction,  whether  proceeding  from  each  other  or  from  any 
cause  exterior  to  and  independent  of  the  system,  the  motions 
of  p,p',p'',  &C.,  would  no  longer  take  place  in  such  elliptic 
orbits.  Their  paths  would,  in  that  case,  depend  on  the  direc- 
tions, intensities,  and  law  of  variation  of  those  other  attractions, 
whether  internal  or  external,  to  the  operation  of  which  they 
are  exposed.  If  such  forces  have  intensities  which  bear  any 
considerable  proportion  to  the  intensity  of  the  central  attraction 
exercised  by  8,  the  elliptic  form  impressed  on  the  orbits  by  the 
latter  would  be  altogether  eflaced,  and  the  bodies  p,p^,p'',  &c., 
would  be  thrown  into  new  and  wholly  different  paths,  the 
problem  to  determine  which  would  be  one  of  the  greatest 
physical  complexity  and  mathematical  difficulty. 

3121.  But  when  these  forces  are  feeble  compared  with  the 
central  attractionj  the  elliptic  form  is  onfy  slightly  affected, — 
But  if  the  forces,  whether  internal  or  external,  to  the  operation 
of  which  the  system  is  exposed,  have  intensities  incomparably 
more  feeble  than  the  central  attraction  exercised  by  s  upon  p, 
p',p",  &c.,  then,  as  may  be  readily  conceived,  the  influence  of  s 
in  imparting  the  elliptic  form  to  the  paths  of  p,  p^^p'^,  &c^  around 
it,  will  still  in  the  main  prevaiL  These  paths  will  not^  in 
strictness*  be  ellipses,  but,  owing  to  tite  comparatively  small 
effect  of  the  disturbing  forces,  they  will  deviate  from  the 
elliptic  form,  which  in  the  absence  of  sudi  forces  they  would 
rigorously  assume,  in  a  d^pree  so  slight  as  to  be  only  perceptible 
when  the  most  exact  methods  of  observation  and  measurement 
are  brought  to  bear  upon  them,  and  in  many  cases  not  even  then 
nntil  the  effects  of  such  feeUe  forces  have  been  allowed  to  ac- 
cumulate during  a  long  succession  of  revolutions* 
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8122.  This  it  the  ease  in  the  system  of  the  Universe,  ^-^ 
Now  it  happens  that  the  Great  Architect  of  the  Universe  has 
so  constmcted  it,  that  in  all  cases  whateyer^  without  a  single 
known  exception,  the  forces  which  are  independent  of  the  central 
attraction  s^  whether  thej  be  those  which  arise  between  the  bodies 
composing  the  systems,  or  whether  thej  proceed  from  causes 
exterior  to  and  independent  of  them,  are  under  the  conditions 
last  mentioned.  In  no  case  do  their  intensities  exceed  verj^ 
small  fractions,  such  as  an  hundredth,  and  more  generally  not  a 
thousandth,  of  the  central  attraction.  Hence  it  is  that  the 
ellipticitj  of  the  orbits  is  so  preserved,  their  magnitudes  so 
maintained,  and  their  positions  so  little  variable,  that  in  all 
cases  the  most  exact  means  of  observation,  and  in  general  long 
periods  of  time,  are  necessary  to  discover  and  measure  the 
changes  produced  upon  them. 

3123.  Hence  proceed  great  facilities  of  investigation  and 
calculation, — Hence  arise  consequences  of  vast  importance  in 
the  development  of  the  laws  of  nature  and  the  progress  of 
physical  knowledge.  The  problem  presented  by  a  system 
subject  only  to  such  feeble  interferences  with  the  influence  of 
the  central  attraction,  is  incomparably  more  simple  and  easy  of 
solution  than  would  be  that  of  a  system  in  which  interfering 
attractions  of  much  greater  relative  intensity  might  prevail. 
Methods  of  investigation  and  calculation,  as  well  as  modes  of 
observation,  are  applicable  in  the  one  case,  which  would  be 
altogether  inadmissible  in  the  other ;  and  results  are  obtained 
and  laws  developed  which  would,  under  the  more  complicated 
conditions  of  the  other  problem,  be  utterly  unattainable. 

3124,  P&rturhations  and  disturbing  forces, — The  central 
attraction,  therefore,  being  in  all  cases  r^arded  as  the  chief 
presiding  physical  power  by  which  the  system  is  held  together, 
and  by  which  its  motions  in  the  main  are  regulated,  the  orbits 
of  the  revolving  bodies  P,p'yP",  &c.,  are  first  calculated  as  if 
they  depended  solely  upon  the  central  attraction  of  s.  This 
gives  a  first,  but  very  close,  approximation  to  them.  The 
forces  by  which  they  are  a£Pected,  independent  of  the  central 
attraction  of  s,  are  then  severally  taken  into  account^  and  the 
deviations,  minute  as  they  always  are,  from  the  elliptic  paths 
first  determined,  are  exactly  calculated.  These  deviations  are 
called  DiSTUBBANCES  or  PBRTUBBATiONS ;  and  the  forces  which, 
produce  them  are  called  disturbing  or  perturbikg  forces. 
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3125.  Method  of  variable  elements, —  The  instantaneous 
ellipse. — Let  a  body  p  be  supposed  to  revolve  in  a  certain 
orbit,  subject  to  the  central  attraction  f  of  a  certain  mass  s, 
and  at  the  same  time  to  a  disturbing  force  d  much  more 
feeble  than  f  in  its  intensity.  There  are  two  ways  in  which 
the  problem  to  determine  the  exact  path  of  p  may  be  ap* 
preached.  1st.  The  body  p  may  be  regarded  as  under  the  in- 
fluence of  two  forces  f  and  D,  of  given  intensities  and  directions ; 
and  its  actual  path  may  be  investigated  by  the  principles  of 
mathematical  and  physical  analysis.  This  path  would^  in  every 
case  presented  in  nature^  be  a  very  complicated  curve  of  no 
regular  form,  although  in  its  general  shape  and  outline  it  would 
differ  very  little  from  an  ellipse  having  its  focus  at  s.  2ndly. 
Instead  of  attempting  to  determine  the  exact  geometrical  cha« 
racter  of  this  complicated  curve,  the  body  p  may  be  regarded  as 
revolving  round  8  in  an  ellipse,  the  form,  position,  and  magni- 
tude of  which  are  subject  to  a  slow  and  continuous  variation. 
To  comprehend  this  method  of  considering  the  motion  of  p,  letT 
the  disturbing  force  d  be  imagined  to  be  suspended  at  any  pro- 
posed point  of  p's  path.  From  the  moment  of  such  suspension, 
p  would  move  in  an  exact  and  invariable  ellipse,  having  s  as 
its  focus.  The  form,  position,  and  magnitude  of  this  ellipse,  or, 
what  is  the  same,  its  elements,  that  is,  its  major  axis,  excen-' 
tricity,  longitude  of  perihelion,  inclination,  and  longitude  of 
node,  would  be  exactly  deducible  from  p's  distance  from  s  at 
the  moment  of  suspension  of  the  disturbing  force,  its  velocity, 
imd  the  direction  of  its  motion.  The  problem  of  its  determin-p 
ation  in  such  case  would  have  nothing  indeterminate.  One, 
and  but  one,  ellipse  could,  under  such  conditions,  be  described. 

If  the  dbturbing  force  d  be  imagined  to  be  suspended  at 
another  moment  and  at  a  different  point  in  the  path  of  P, 
another  and  a  different  ellipse  would  be  in  the  same  manner 
described  by  p  after  such  suspension.  If  the  interval  between 
the  two  moments  of  such  supposed  suspension  be  not  consider* 
able,  as,  for  example,  when  they  occur  at  different  parts  of  a 
single  revolution  of  p  round  s,  the  two  ellipses  will  not  in 
general  have  any  appreciable  difference  in  any  of  their  elements, 
from  which  it  follows,  that  when  a  single  or  even  several  re- 
volutions of  P  round  s  are  only  considered,  the  path  of  P 
may  in  general  be  regarded  as  an  ellipse  of  fixed  position 
and  invariable  form  and  magnitude,  such  as  p  would  describe 
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independendj  of  the  influence  of  d.  But  if  the  interval  between 
the  two  moments  of  suppoeed  suspension  be  very  great,  as, 
for  example,  when  it  extends  to  a  long  series  of  revolutions 
of  p  round  8»  then  the  disturbing  effects  of  d,  having  accumulated 
from  revolution  to  revolution,  will  become  very  sensible  and 
measurable,  and  the  two  ellipses  maj  differ  one  from  the  other 
in  any  or  sll  of  their  elements,  and  to  an  extent  more  or  less 
considerable  according  to  the  intensity  and  directioii  of  the 
disturbing  force  d. 

The  ellipse  in  which  p  would  thus  move,  if  at  any  point  of  its 
path  the  action  of  the  disturbing  force  were  thus  suspended,  is 
called  the  '<  instant  anbovs  slupsb." 

.  According  to  this  second  method  of  viewing  the  effects  of 
disturbing  forces,  therefore,  the  body  p,  which  is  sutgect  to 
their  action,  is  r^a^arded  as  moving  in  an  elliptic  orbit  of  which 
8  is  the  focus ;  but  this  orbit  is  supposed  from  moment  to  moment 
to  change  its  position,  form,  and  magnitude  in  a  certain  minute 
degree*  The  perturbation  being  thus,  as  it  were»  transferred 
from  the  body  p  to  the  orbit  which  it  describes,  and  the  body 
being  supposed  to  move  as  a  bead  would  slide  on  a  fine  wire, 
while  the  wire  itself,  being  flexible,  would  bend  into  various 
forms,  the  bead  still  moving  along  it,  the  method  has  been 
denominated  as  that  of  "  vabiablb  elements." 

This  is  the  method  of  considering  the  effects  of  disturbing 
forces  which  was  adopted  by  Newton,  under  the  title  of  move-* 
able  orbits,  and  is  still  generally  adopted  as  the  most  simple, 
clear,  and  convenient  means  of  investigating  and  explaining 
the  phenomena  of  perturbations. 

3126.  Feebleness  of  the  disturbing  forces  in  the  eases  presented 
in  the  solar  system  explained. — In  the  cases  which  are  presented 
in  the  actual  system  of  the  world,  the  extremely  feeble  in- 
tensities of  the  disturbing  forces,  compared  with  those  of  the 
central  attractions,  arise  in  some  cases  from  the  vastness 
of  the  masses  of  the  central  compared  with  those  of  the  dis- 
turbing bodies ;  in  others,  from  the  smallness  of  the  distance  of 
the  central  compared  with  that  of  the  disturbing  from  the  body 
which  is  attracted  and  disturbed ;  and,  in  some  cases,  from  the 
combination  of  both  these  causes. 

Thus,  when  a  planet  attracted  by  the  sun  is  disturbed  by  the 
attraction  of  another  planet,  the  enormous  preponderance  of  the 
mass  of  the  sun,  which  is  more  than  a  thousand  times  greater 
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than  tbe  larger,  and  hundreds  of  thousands  of  times  greater 
than  the  smaller  planets,  gives  to  the  effects  of  its  attraction  a 
predominance  which  could  only  be  compensated  bj  a  greater 
degree  of  proximity  of  the  disturbing  to  the  disturbed  planet 
than  is  consistent  with  the  wise  conditions  under  which  the 
BcHax  system  is  placed.  The  differences  between  the  mean 
distances  of  the  planets,  taken  in  succession  from  Mercury 
outwards,  are  so  great,  and  the  excentricities  of  their  several 
orbits  so  small,  that  in  no  possible  position,  not  even  when  they 
are  in  heliocentric  conjunction  (2986.),  with  one  in  aphelion, 
and  the  other  in  perihelion,  can  they  approach  each  other  so  as 
to  give  to  the  disturbing  force  exerted  by  any  one  upon  any 
other  an  intensity  amounting  to  more  than  a  very  minute 
fraction  of  the  central  attraction. 

This  will  be  rendered  quite  apparent  hereafter,  and  we  shall 
assume  it  provisionally  for  the  present  in  our  exposition  of  the 
general  effects  of  the  disturbing  forces  which  prevail  among 
the  bodies  of  the  system ;  premising,  however,  that  other  con- 
ditions besides  the  consideration  of  relative  masses  and  proxi- 
mity will  be  necessary  for  the  exact  estimation  of  the  effects  of 
the  disturbing  forces. 

.  8127.  Ord!er  c>/*ea:po«i/i(m.—- In  the  present  chapter  we  shall 
then  explain  generally,  without  reference  to  any  particular 
disturbing  or  disturbed  body,  the  effects  produced  by  disturbing 
forces  upon  the  elements  of  the  orbit  of  the  disturbed  body; 
and  in  the  succeeding  chapters  we  shall  show  the  application 
q£  the  general  principles  thus  established  to  the  most  important 
cases  of  perturbation  presented  in  the  solar  system. 

3 128*  jResduiion  of  the  disturbing  force  into  rectangular 
components. — From  whatever  cause  the  disturbing  force  may 
arise,  it  can  always  be  resolved  into  three  components,  each  of 
which  is  at  right  angles  to  the  other  two ;  and  its  effects  may 
be  investigated  by  ascertaining  the  separate  effects  of  each  of 
these  components,  and  then  combining  the  results  thus  obtained. 

The  resolution  of  any  force  into  three  rectangular  com- 
ponents parallel  to  three  lines  or  axes,  arbitrarily  chosen,  is  a 
process  of  great  utility  in  mathematical  physics,  and  one  which 
is  based  upon  the  general  principles  of  the  composition  and 
resolution  of  force,  formerly  so  fully  explained  and  illustrated 
(144.)  et  seq. 

To  render  this  more  clearly  intelligible,  let  p,^^.  817.,  be 
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the  position  of  the  disturbed  bodj  at  anj  proposed  time^  and 
let  the  direction  of  the  disturbing  force  d  be  pb,  its  intensity 
^         ^m  being  such  that,  if  no  other  force  acted 

on  p,  it  would  cause  that  bodj  to  move 
]  over  PB  in  the  unit  of  time.     Let  pz, 

px»  and  PT  be  the  three  axes  at  right 
angles  to  each  other,  taken  at  pleasure 
in  anj  directions  along  which  the  dia*- 
turbing  force  d  is  to  be  resolved.  Sup- 
pose three  lines,  br'>  b  b'^  and  b  b'^^ 
drawn  from  b  parallel  to  these  three  axes 
p  z,  p  T,  and  px ;  so  as  to  form  the  rect- 
^  angular  die-shaped  solid  called  a  paral- 
Fig.  817.  lelopiped,  represented  in  the  figure.  Now, 

\>j  the  principles  of  elementary  geometrj,  it  appears  that  BB^Pr' 
is  a  rectangle  of  which  p  b  is  the  diagonal.  It  follows,  therefore 
(154.),  that  the  disturbing  force d  represented  bj  p  r  is  equivalent 
to  two  forces  represented  by  p  b'  and  pr'.  But  Pf^'V/'  being 
also  a  rectangle,  the  component  p  r'  is  equivalent  to  two  com- 
ponents represented  by  p/'  and  Pr''',  directed  along  the  axes' 
p  X  and  p  T  respectively. 

Thus  it  appears  that  the  disturbing  force  d,  represented  by 
p  B,  is  resolved  into  three  components,  represented  by  p  s^ 
directed  along  p  z,  P  r''  directed  along  p  x,  and  p  r"'  directed 
abng  p  T  respectively.  If  the  angles  at  which  the  direction 
PB  of  the  disturbing  force  is  inclined  to  the  three  axes  px, 
p  T,  and  p  z  be  known,  it  is  easy  to  obtain  arithmetical  expres- 
sions for  these  tliree  components  of  it. 

Let  the  angles  b  p  x,  bpt,  and  b  p  z,  at  which  p  b  is  inclined 
to  the  axes  px,  p  y,  and  p z  respectivdy,  be  expressed  by  a,  j3, 
and  y ;  and  let  the  three  components  p  r'',  p  r"',  and  p  b'  be 
expressed  by  x,  t,  and  z  respectively.  Since  the  angles  pr^'B, 
p  r"^  B,  and  p  b'  b  are  each  90'',  it  will  follow  that 

X  =  COS.  a  X  D^  7  =  COS.  /}  X  D,  Z  =  COS.  y  X  d; 

and  since  by  the  figure  we  have 

PB>  =  pb'«  +  bb'3,        bb'2=  b'b"«  +  bb"-^, 
PR«  =  p  r'»  +  r'r">  +  RR'", 
we  shall  have 

©a  =  X*  +  Y«  +  zK  : 
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Each  of  the  components  is  therefore  found  by  multiplying  the 
disturbing  force  bj  the  cosine  of  the  angle  which  its  direction 
forms  with  the  axis  upon  which  the  component  is  taken,  and 
the  sum  of  the  squares  of  the  three  components  is  equal  to  the 
square  of  the  disturbing  force. 

Such  is  the  principle,  in  its  most  general  expression,  bj  which 
the  resdution  of  the  disturbing  force  is  effected;  and  if  the  effect 
of  each  of  the  three  components  upon  the  orbit  of  p  be  separately 
ascertained,  and  the  like  process  be  applied  to  every  disturbing 
force  by  which  p  is  affected,  the  actufd  changes  produced  in  the 
orbit  will  be  determined. 

8129.  Resolution  of  the  disturbing /brce  mth  relation  to  the 
radius  vector  and  the  plane  of  the  orbit. — But  for  the  purposes 
of  elementary  exposition,  it  is  found  convenient  to  give  to  the 
axes  px,  PT,  and  pz,  in  the  directions  of  which  the  components 
are  assumed,  a  position  having  immediate  relation  to  the  plane 
of  p's  orbit,  and  to  the  position  of  p  in  its  orbit*  Since  the 
directions  of  these  axes  are  altogether  arbitrary,  being  re- 
strained by  no  other  conditions  than  that  of  being  mutually 
perpendicular,  it  is  always  possible  to  take  one  of  them,  pz 
for  example,  perpendicular  to  the  plane  of  p's  orbit,  and  in 
that  case  the  plane  of  the  other  two,  px  and  pt,  will  eoincide 
with  that  of  p's  orbit. 

But  when  this  is  done,  the  directions  of  px  and  pt  in  that 
plane  are  still  arbitrary ;  and  it  has  been  found  convenient  to 
assign  to  one  of  them  the  direction  either  of  the  radius  vector 
from  p  to  the  central  body  s,  or  of  the  tangent  to  p's  orbit 
drawn  through  p's  place  at  the  moment  the  disturbing  force  is 
supposed  to  act,  such  tangent  being  in  effect  the  direction  of 
p's  motion  at  that  moment^ 

If  one  of  the  axes,  pt,  for  example,  be  taken  in  the  direction 
of  the  radius  vector,  the  other  will  necessarily  be  that  of  a 
line  drawn  through  p  in  the  plane  of  the  orbit  perpendicular 
to  the  radius  vector. 

If  one  of  the  axes,  px,  for  example,  be  taken  in  the  direction 
of  the  tangent,  the  other  will  necessarily  be  that  of  the  normal 
to  the  orbit,  at  the  point  at  which  the  disturbing  force  is 
supposed  to  act. 

3130.  Orthogonal  component — In  referring  to  these  several 
methods  of  resolving  the  disturbing  force,  it  will  conduce  to 
brevity  and  clearness  to  give  the  several  components  distinct 
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designations  indicative  of  the  directions  which  they  have  in 
relation  to  the  plane  of  the  orhit,  and  to  the  position  of  the 
disturbed  body  in  its  orbit.  For  this  purpose  we  shall  adopt 
the  designations  which  have  been  already  proposed  for  them 
by  elementary  writers. 

The  component  which  is  perpendicular  to  the  plane  of  the 
orbit  of  the  disturbed  body  will  then  be  distinguished  as  the 
ORTHOGONAL  COMPONRNT  of  the  disturbing  force. 

8131.  Radial  and  tramversal  components, — If  the  other 
two  components  be  taken  in  the  directions  of  the  radius  vector, 
and  of  a  line  in  the  plane  of  the  orbit  at  right  angles  to  it»  we 
shall  call  the  former  the  radial  and  the  latter  the  tbansvsrsal 

COMPONENT. 

8 1 32.  Tangential  and  normal  components. — If  the  other  two 
components  be  taken  in  the  directions  of  the  tangent  and  normal 
of  the  orbit,  we  shall  call  the  former  the  tangential  and  the 
latter  the  normal  component. 

.  8133.  Orthogonal  component  affects  the  inclination  and 
the  nodes, — It  is  evident  that  of  these  components  the  ortho- 
gonal alone  can  have  any  disturbing  effect  upon  the  plane  of 
p's  orbit  The  other  components  being  all  in  that  plane,  can 
have  no  tendency  to  move  the  disturbed  body  p  into  any  other 
plane.  The  orthogonal  component,  however,  being  at  right 
angles  to  the  plane  in  which  p  is  moving,  must  have  a  direct 
tendency  to  carry  p  out  of  that  plane,  on  the  one  side  or  the 
other,  according  to  the  direction  in  which  it  acts. 

This  component  therefore,  and  this  alone,  affects  the  inclina- 
tion of  p's  orbit,  and  the  longitude  of  its  node.  The  kind  of 
effect  it  produces  on  these  elements  will  be  explained  hereafter. 

8134.  Radial  and  transversal  components  affect  the  central 
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attraction  and  angular  motion, — To  explain  in  general  the 
effect  prodaced  on  p's  motion  bj  the  radial,  and  transversal 
components  of  the  disturbing  force,  let  p  c^^g,  818.,  be  the  radial, 
and  pa  the  transversal  component,  the  diagonal  P  r  being 
therefore  the  part  of  the  disturbing  force  which  acts  in  the 
plane  of  p's  orbit. 

It  is  evident  that  the  radial  component  p  c,  as  here  repre« 
sented,  will  have  the  effect  of  augmenting  the  attraction  bj 
which  p  is  drawn  towards  s,  and  that  the  transversal  component 
p  a,  being  at  right  angles  to  the  radius  vector,  will  have  a  ten- 
dency to  increase  the  angular  veloci^  of  p  round  s,  since  this 
angular  velocity  is  measured  by  the  motion  of  p,  at  right  angles 
to  PS,  the  radius  p  s  being  supposed  to  be  given. 

These  components,  however,  maj  be  otherwise  directed  in 
relation  to  the  radius  vector.  If,  for  example,  the  element  of 
the  disturbing  force  which  acts  in  the  plane  of  p's  orbit  have 
the  direction  p  /,  its  radial  component  will  be  p  o',  and  its  trans- 
versal p  a\  The  former,  acting  directly' against  s's  attraction  on 
p,  would  have  a  tendency  to  diminish  that  attraction ;  and  the 
latter,  being  contrary  to  the  direction  of  p's  motion,  would  have 
a  tendency  to  diminish  its  angular  velocity.  The  two  compo-« 
nents  therefore,  in  this  case,  would  produce  effects  on  p  directly 
the  reverse  of  those  produced  in  the  former  case* 

If  the  element  of  the  disturbing  force  have  the  direction 
p/',  the  radial  component  tc  will  tend  to  augment  the  central 
attraction,  and  the  transversal  pa'  to  diminish  the  angular 
velocity. 

If,  in  fine,  the  disturbing  element  have  the  direction  p  /'',  the 
radial  component  p  c'  will  tend  to  diminish  the  central  attrac- 
tion, and  the  transversal  p  a  to  augment  the  angular  velocity* 


Fig.  819. 
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SIS5.  TangenHal  and  normal  eamponenis  affect  the  Utiear 
velocity  and  curvature. — The  effects  of  the  tangential  and 
nonnal  components  are  subject  to  the  same  yarieties.  It  may 
be  shown,  that  if  a  rectangle  p  v  r  c^Jig.  819.,  be  drawn,  of  which 
the  disturbing  element  P  r  is  the  diagonal,  the  element  p  r  maj 
be  replaced  bj  the  two  sub-components,  p  v  in  the  direction  of 
the  tangent,  and  pc  in  the  direction  of  the  normal. 

These  are  subject  to  the  same  yarietj  of  conditions,  with 
reference  to  the  direction  of  the  central  attraction,  and  the 
direction  of  the  motion  of  p,  as  have  been  explained  in  relation 
to  the  radial  and  transrersal  sub-components,  and  which  will  be 
easily  comprehended  by  the^.  819. 

3136*  Pbsitive  and  negative  components. — It  will  conduce  at 
once  to  brevity  and  clearness  to  distinguish  each  of  the  com- 
ponents of  the  disturbing  force  according  to  its  direction,  with 
reference  to  the  motion  of  the  disturbed  body,  the  direction  of 
the  central  attraction,  and  the  plane  of  the  disturbed  orbit. 
We  shall  therefore  consider  the  transversal  or  tangential  com- 
ponent as  positive  or  +  when  it  acts  in  the  direction  of  p's 
motion,  and  therefore  tends  to  accelerate  it ;  and  negative  or  — 
when  it  acts  in  the  contrary  direction,  and  therefore  tends  to 
retard  it  We  shall  in  like  manner  consider  the  radial  or 
normal  component  as  positive  or  +  when  it  acts  towards  the 
concave  side  of  p's  orbit,  and  therefore  tends  to  augment  the 
central  attraction,  and  negative  or  —  when  it  has  the  contrary 
direction,  and  tends  to  diminish  the  central  attraction.  In  fine, 
we  shall  consider  the  orthogonal  component  positive  or  +  when 
St  is  directed  towards  the  plane  which  is  adopted  as  the  plane 
of  reference,  and  negative  or  —  when  it  is  directed  from  that 
plane. 

3137.  In  slightly  elliptic  orbits^  the  normal  and  radial  com^ 
ponents,  and  the  tangential  atid  transversal^  coincide. — It  is 
evident  that  when  the  elliptic  orbit  is  but  slightly  excentric,  and 
therefore  very  nearly  circular,  the  radial  and  normal  compo- 
nents are  very  nearly  identical  in  their  direction ;  and,  in  like 
manner,  the  transversal  and  tangential  components  are  nearly 
coincident  As  this  is  the  case  with  all  the  orbits  to  be  con- 
sidered in  this  chapter,  we  shall,  without  again  recurring  to  this 
point  consider  these  components  as  practically  identicaL 

We  shall  then  explain,  in  the  first  instance,  without  special 
reference  to  any  particular  disturbing  body,  the  effects  which 
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are  produced  upon  the  orbit  of  p,  Ist,  by  the  radial  component; 
2ndl7,  bj  the  transversal  component;  and  Srdly,  bj  the  ortho- 
gonal component  of  any  disturbing  force  whatever. 


I.   EFFECTS  OF  THE  RADIAL  COMPONENT  OF   THE  DISTUBBING 

FORCE. 

3138.  Equ(ible  description  of  areas  not  disturbed  by  ii,--^ 
The  equable  description  of  areas  round  the  centre  being  inde- 
pendent of  the  law  of  the  central  attraction,  and  involving  no 
other  condition,  except  that  the  revolving  body  should  be 
affected  by  no  forces  except  such  as  have  directions  passing 
through  the  fixed  centre  (2599.),  it  will  not  be  affected  by 
the  radial  component,  the  direction  of  which  necessarily  passes 
through  that  point, 

3139.  Its  effect  on  the  mean  distance  and  period. — ^If  k  express 

the  central  mass,  a  the  mean  distance,  and  p  the  period  proper  to 

the  instantaneous  ellipse,  we  shall  have,  according  to  what  has 

a' 
been  proved  (2634.),  m  =  -|.     Now  the  radial  component  either 

augments  or  diminishes  the  central  attraction,  according  as  it 
is  positive  or  negative.  This  is  equivalent  to  a  momentary 
increase  or  diminution  of  the  central  mass  m,  which  would  be 

attended  by  a  corresponding  increase  or  diminution  of  — , ; 

that  is,  of  the  ratio  of  the  cube  of  the  mean  distance  to  the  square 
of  the  periodic  time  in  the  instantaneous  ellipse. 

3140.  If  the  radial  component  vary  according  to  anycondi- 
tions  which  depend  solely  on  the  distance^  it  will  not  change  the 

form  or  magnitude  of  Hie  instantaneous  ellipse, — ^It  has  been 
established  as  a  principle  of  high  generality  by  mathematicians, 
that  if  the  variation  of  the  central  force  depend  only  on  the 
distance  of  the  revolving  body  from  the  centre  of  attraction, 
the  orbital  velocity  of  the  body,  or  the  space  it  moves  through* 
in  the  unit  of  time,  will  also  depend  solely  on  the  distance. 
Now,  from  this,  combined  with  the  general  principle  of  equable 
areas,  it  may  be  inferred  that,  under  such  conditions,  the 
apsides  of  the  instantaneous  ellipse  will  be  always  at  the  same 
distances  from  the  centre  of  attraction.  For  the  apsides  must, 
be  always  at  those  particular  distances,  and  no  other,  at 
which  the  velocity  (which  by  the  supposition  depends  on  the 
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distance)  multiplied  by  the  distance  is  equal  to  twice  the  area 
which  the  revolving  body  describes  in  the  unit  of  time, 
that  being  necessarily  the  case  by  the  common  principles  of 
elementary  geometry  when  the  direction  of  the  motion  is  at 
right  angles  to  the  radius  vector.  This  will  therefore  always 
give  the  same  values  for  the  radii  vectores  which  are  at  right 
angles  to  the  tangent,  or,  what  is  the  same,  to  the  distances  of 
the  apsides  of  the  instantaneous  ellipse  from  the  focus. 

But  it  is  clear  that,  if  the  distances  cf ,  d*  of  the  apsides  from 
the  focus  be  always  the  same,  the  major  axis  2a,  and  the  ex- 

centricity-,  will  also  be  always  the  same ;  for  we  shall  have 

2a=rf+rf^,         2c=d"-<f,         ^=J^- 

Although  the  instantaneous  ellipse  be  thus  invariable  in  its 
form  and  magnitude,  under  the  condi- 
tions here  assumed,  it  does  not,  however, 
follow  that  it  is  equally  invariable  in  its 
position.  It  may,  and  does,  as  will  pre- 
sently appear,  in  certain  cases,  revolve 
round  the  centre  of  attraction,  its  migor 
axis  continually  shifting  its  dir^tion,  so 
p.    g2Q  that  the  real  path  of  the  disturbed  body 

will  be  such  as  is  represented  in^.  820. 

3141.  Effect  of  a  gradually  increasing  or  decreasing  radiat 
component  —  If  the  radial  component,  whether  it  be  positive, 
or  negative,  were  by  its  continual  increase  or  decrease  to  cause 
the  effective  central  attraction  continually  to  increase,  the  re- 
volving body  p  would*  be  brought  every  revolution  nearer  and 
nearer  to  the  central  body  s;  and  if  it  caused  the  effective 
central  attraction  continually  to  decrease,  the  contrary  effect 
would  be  produced.  In  one  case^  the  angular  motion  of  the 
revolving  body  would  be  continually  accelerated ;  and,  in  the 
other  case,  continually  retarded. 

3142.  Effects  on  the  period  and  mean  motion  more  sensible, 
than  those  on  the  mean  distance, — If  the  mean  distance  by 
means  of  such  radial  disturbance  as  here  described  should  be 
varied  in  an  extremely  small  proportion,  such,  for  example,  as 
that  of  one  part  in  a  million  in  each  revolution,  such  a  change 
W^ould  become  sensible,  even  to  the  most  delicate  instruments 
of  observation,  only  after  the  lapse  of  centuries.    The  con- 


Digitized  by 


Google 


THEORY  OF  VARIABLE  ORBITS.  591 

tinual  change  effected  on  the  period,  and  thereby  on  the  mean 
motion,  would>  however,  tell  in  a  sensible  manner  on  the  mean 
place  of  the  body  in  a  comparativelj  short  time. 

8143.  Its  effect  on  the  position  of  the  apsides. — The  effect  of 
the  radial  component  on  the  direction  of  the  major  axis  of  the 
orbit,  will  vary  with  the  part  of  the  orbit  at  which  the  dis- 
turbed body  is  found  at  the  moment  the  disturbing  force  acts 
upon  it. 

3144.  It  diminishes  or  increases  the  angle  under  the  radius 
vector  and  tangent,  according  as  it  is  positive  or  negative, — It 
must  be  considered  that,  in  general,  the  radial  component,  when 
+,  has  a  tendency  to  diminish  the  angle  nFQ,Jig.  818.,  formed 
by  the  direction  pn  of  p's  motion  and  the  radius  vector 
8P;  and,  when  — ,  to  increase  it.  This  will  be  nearly  self- 
evident  on  inspecting  the^g.  821.    If  p/>  represent  the  arc  of 

p  the  orbit  which  p  is  going  to  describe  at  the  moment 

that  the  force  b  acts  upon  it ;  and  if  R  be  supposed 

to  be  +,  and  therefore  to  have  a  tendency  to  in« 

crease  the  energy  of  the  force  directed  to  c ;  it  is 

evident  that  in  the  unit  of  time  the  force  which 

previously  deflected  p  to  p,  will  now  deflect  it  still 

more  to  p'  or  p'' ;  so  that  the  arc  of  the  new  orbit 

pp'  or  pp"  will  be  more  inclined  to  PC,  that  is,  it 

will  make  a  less  angle  with  it. 

S      if^  on  the  contrary,  r  be  negative,  it  will  tend  to 

»g-  82  .     ^jjj^jjjjgjj  ^Ijq  intensity  of  the  central  force,   and 

therefore  to  lessen  the  obliquity,  or  increase  the  angle  npc  under 

the  tangent  and  the  radius  vector. 

3145.  It  raises  or  depresses  the  empty  focus  of  the  elliptic 
orbit  above  or  below  the  axis,  according  to  the  position  of  the 
disturbed  body  in  its  elliptic  orit/.— Let  8,^.  822.,  be  the 
place  of  the  central  body,  s^  the  empty  focus  of  the  instanta- 
neous ellipse,  and  p,  p^  p'^  p^'^  the  disturbed  body  at  different 
parts  of  the  ellipse.  It  may  be  assumed  that,  in  an  ellipse  of 
small  excentricity,  the  radial  component  will  produce  no  sen- 
sible effect  on  the  orbital  velocity  of  p,  and  therefore  none  (as 
will  more  fully  appear  hereafter)  on  the  magnitude  of  the 
m^jor  axia  of  the  ellipse. 

Now,  let  us  suppose  that  p,  moving  in  the  direction  of  the 
arrow,  receives  the  action  of  a  positive  radial  component.  This 
would  deflect  the  direction  of  p's  motion,  and  therefore  of  the 
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Fig.  822. 

tangent  p^  towards  the  radius  vector  ps.  Bat  since,  accord* 
iog  to  the  geometrical  properties  of  the  ellipse,  the  angle  ^ps'  is 
half  the  supplement  of  sps'",  it  follows  that  the  decrease  of  tFS 
will  cause  a  decrease  of  twice  the  magnitude  in  the  angle  sps^  ; 
and,  since  the  direction  of  sp  is  fixed,  that  of  PS^  must  be  de- 
fiected  towards  PS,  so  that  ps"*  will  change  its  position  to  p»« 
But,  since  the  migor  axis  of  the  ellipse  is  not  affected  bj  the 
disturbing  force,  and  since,  bj  the  properties  of  the  ellipse, 
P8+PS^  is  equal  to  the  major  axis,  it  follows  that  the  disturb- 
ing force  will  not  change  the  length  of  ps^  To  comprehend, 
therefore,  the  effect  of  the  disturbance,  we  have  only  to  imagine 
the  line  ps'  to  turn  on  p,  as  a  centre  towards  ps,  and  to  take 
the  position  p».  In  effect,  the  emp^  focus  will  be  transferred, 
bj  the  radial  component,  from  s''  to  »• 

Now,  as  the  disturbed  bodj  approaches  nearer  to  mn  the  line 
through  s'  at  right  angles  to  the  major  axis,  the  line  ps',  drawn 
from  it  to  the  empty  focus,  approaches  more  and  more  to  the 
direction  of  the  perpendicular  nts';  and  the  point  to  which  the 
empty  focus  would  be  transferred  by  the  disturbing  force,  is  less 
and  less  removed  from  the  axis ;  and  when  the  disturbed  body 
is  at  m,  that  focus  is  displaced  by  the  disturbance  to  another 
point  upon  the  axis  nearer  to  perihelion  p  than  s'. 

After  passing  m,  the  disturbed  body,  at  p',  for  example,  being 
acted  upon  as  before  by  a  positive  radial  component,  the  effect: 
will  be  to  deflect  ps'  towards  p^ ;  but  in  this  case,  the  angle  ps'^, 
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being  obtuse,  the  new  position  tf  of  the  empty  focus  will  lie 
ahovt  the  axis. 

If  we  take  the  disturbed  body  at  v'\  the  empty  focus  will  be 
transferred  to  i'\  a  point  still  above  the  axis.  As  the  disr 
turbed  body  approaches  n,  the  point  to  which  the  empty  focus 
is  transferred  comes  nearer  and  nearer  to  the  axis,  and  lies 
upon  it  when  the  disturbed  body  is  at  n. 

Thus,  it  appears,  that  while  the  disturbed  body  moves  from 
9n^  through  aphelion  a  to  n^  the  point  to  which  the  empty  focus 
would  be  transferred  by  a  positive  radial  component  would 
move  from  the  axis  to  a  certain  distance  aboYO  it,  and  would 
again  return  to  the  axis  when  the  disturbed  body  would  arrive 
at  n. 

AAer  passing  n^  let  us  suppose  the  disturbed  body  at  any 
point  p"'.  For  the  same  reasons  the  line  p^'s'  will  be  deflected 
from  p^'s,  and  the  empty  focus  will  be  transferred  to  ^'\  a 
point  below  the  axis. 

Thus  it  appears,  in  general,  that  while  the  disturbed  body 
moves  from  m  through  a  to  n^  the  empty  focus  is  transferred 
to  points  more  or  less  above  the  axis,  and  while  it  moves  from 
fi,  through  p  to  m,  it  is  transferred  to  points  more  or  less 
helotD  it. 

3146.  Effects  of  a  positive  radial  component  on  the  apsides. 
«— -It  is  evident,  therefore,  that  a  positive  radial  component  will 
change  the  direction  of  the  apsides,  or  of  the  m^jor  axis  of  the 
instantaneous  ellipse.  The  new  direction  given  at  each  point 
to  the  major  axis  being  that  of  the  line  drawn  from  s,  through 
the  new  position  of  the  empty  focus,  it  will  be  evident,  from 
what  has  just  been  explained,  that  while  the  disturbed  body 
moves  from  m  through  a  to  n,  the  new  direction  of  the  axis 
8^,  SJ^,  &C.,  will  be  such,  that  the  new  perihelion  will  lie 
below  Pj  and  the  new  aphelion  above  a.  These  points  would, 
therefore,  be  removed  from  their  original  places,  in  a  direction 
contrary  to  the  motion  of  P.  The  motion  imparted  to  them 
would  then  be  regressive. 

While  the  disturbed  body  moves  from  n  through  p  to  m,  the 
new  dir^tion  of  the  axis  b^,  s/",  &c.>  must  be  such  that  the 
new  perihelion  will  lie  above  />,  and  the  new  aphelion  below  a^ 
These  points  would,  therefore,  be  removed  from  their  original 
places,  in  the  direction  of  the  motion  of  p.  The  motion  im«t 
parted  to  them  would  then  be  progressive^ 
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Thus  it  ^>pear8»  that,  with  a  positive  radial  component,  the 
axis  of  the  orbit,  or  the  line  of  apsides,  has  a  progress ve  motion 
while  the  revolving  body  passes  over  the  arc  n/^m,  and  a  re- 
gressive motion  while  it  passes  over  the  arc  man. 

8147.  EffeeU  of  a  negative  radial  companeni  on  Ae  potiHon 
of  the  axis. — ^If  the  radial  component  be  negative,  it  is  evident 
that  the  effects  will  be  precisely  the  opposite  of  those  here 
stated ;  that  is  to  say,  the  motion  of  the  axis  will  be  regressive 
while  P  moves  through  the  arc  n  ptn^  and  progressive  while  it 
moves  through  the  arc  man* 

3148.  Diagram  indicating  these  effects, — In  Jig.  823.  we 


JFl^SSS. 
have  indicated  by  the  feathered  arrows  the  direction  of  p*s 
motion,  and  by  the  arrows  with  a  cross  upon  their  shafts  the 
direction  of  the  motion  of  the  apsides  when  the  radial  com- 
ponent is  positive.  Its  motion  when  negative  will  be  indicated 
by  supposing  it  to  take  place  in  directions  contrary  to  those 
in  which  the  latter  arrows  point. 

3149.  This  motion  of  the  apsides  bears  a  very  minute  propor* 
Hon  to  that  of  the  disturbed  body, — ^It  must  not,  however,  be 
supposed  that  these  alternate  progressive  and  regressive  motions 
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of  the  apsides  bear  any  considerable  proportion  to  p's  motion : 
they  are,  on  the  contrary,  incomparably  smaller ;  so  that  although, 
while  P  moves  from  q'  to  />,  p  is  moving  in  the  same  direction, 
it  is  moving  with  so  small  a  velocity  that  p  arrives  at  p  and 
passes  it  almost  as  soon  as  if  />  were  not  moving  at  all :  and 
the  same  observation  will  apply  to  the  regressive  motion. 

3150.  Diagram  illustroHng  the  motion  of  the  apsides. — The 
successive  positions  assumed  by  the  orbit  subject  to  the  dis- 
turbing action  of  a  positive  radial  component,  while  p  passes 
from />  toy,  are  represented  in ^^.824.,  where  p,p\p*\p'" 
represent  the  successive  positions  of  the  point  of  perihelion,  and 
a,  a',  a",  a"'  the  successive  positions  of  the  point  of  aphelion.  If 
the  orbit  be  imagined  to  revolve  in  the  other  direction  from 
p"^saf"  to ]9 so,  the  motion  will  be  that  which  it  would  receive 
from  the  disturbing  action  of  the  positive  radial  component 
while  p  moves  through  the  arc  QaQ,^.  824. 


Fig.  824. 
3151.   This  motion  of  the  apsides  increases  as  the  excentHcity 
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of  the  orbit  diminisheM^  other  things  being  the  same, — ^It  is  not 
difficult  to  perceive  that  this  effect  of  the  radial  component  in 
imparting  a  motion  of  rcYolution  progressive  or  regressive  to 
the  line  of  apsides  is  greater,  ceteris  paribus^  when  the  orbit  of 
the  disturbed  bodj  is  less  excentric* 

This  will  be  evident  by  the  mere  inspection  of  Jigs.  825.  and 
826.  Jnjig.  825.,  the  orbit  of  the  disturbed  body,  of  which  p  m 
is  a  part,  has  but  small  excentricity ;  and  the  action  of  the  dis- 
turbing force  at  p  deflects  the  body  into  the  arc  represented  by 
the  dotted  line.  To  find  the  new  position  of  perihelion,  it  is  only 
necessary  to  take  c  as  a  centre,  />  c  as  a  radius,  and  to  describe 
a  circle.  The  middle  point  p'  of  the  dotted  arc  of  the  new 
orbit  included  within  this  cirde,  will  be  the  position  of  the  new 
perihelion.  If  we  take  the  case  of  a  much  more  excentric 
orbit,  represented  in  ,fig.  826.,  it  will  be  evident  that  the  arc 
of  the  orbit  included  within  the  circle  for  the  same  d^ree 


Fig.  826. 
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of  deflexion,  will  be  less  than  in  Jig.  825. ;  and  consequently 
its  middle  point,  which  is  the  new  perihelion,  will  be  propor- 
tionally nearer  to  p. 

3152.  Effect  of  the  radial  component  on  the  excentricity, — By 
what  has  been  explained  (3145.),  as  to  the  change  of  position  of 
the  empty  focus,  the  effect  of  the  radial  component  in  all  c^ses  op 
the  excentricity  will  be  easily  understood.  The  magnitude  of  the 
major  axis  not  being  affected,  the  variation  of  the  excentricity 
will  be  proportional  to  that  of  the  distance  of  the  empty  focus 
from  8.  But,  since  the  distances  of  p  from  the  two  foci  are 
not  affected  by  the  disturbing  force,  the  distance  between  the 
foci  will  be  increased  or  diminished,  according  as  the  angle 
8  P  8^,^.822.,  is  increased  or  diminished  by  the  disturbing  force. 
But,  from  what  has  been  explained  it  is  clear  that,  while  p  moves 
from  perihelion p  to  aphelion  a,  the  angle  sps^  is  diminished; 
and  while  it  moves  from  aphelion  a  to  perihelion  p,  that  angle 
is  increased  by  the  disturbing  force. 

It  follows,  therefore,  that  a  positive  radial  component  will 
diminish  the  excentricity  while  p  moves  from  perihelion  to 
aphelion,  and  will  increase  it  while  it  moves  from  aphelion  to 
perihelion ;  and  it  is  evident  that  a  negative  radial  component 
will  produce  the  contrary  effect. 

The  effect  produced  on  the  excentricity  may  also  be  under- 
stood by  the  following  considerations :  —  While  the  revolving 
bodyp,^i^.  823.,  passes  from  perihelion  to  aphelion,  its  distance 
PS  from  the  central  body  s  continually  increases ;  and  while  it 
passes  from  aphelion  to  perihelion,  on  the  other  hand,  its  dis- 
tance p's  from  the  central  body  continually  diminishes.  Now, 
it  is  evident  that  the  more  excentric  the  elliptic  orbit  is,^ 
the  more  rapid  will  be  the  increase  of  the  radius  vector  in 
the  one  case,  and  its  decrease  in  the  other.  Any  influence, 
therefore,  which  will  have  a  tendency  to  diminish  that  rate 
of  increase  or  decrease  of  the  radius  vector  will  have  the  ef- 
fect of  diminishing  the  excentricity  of  the  orbit;  and,  on 
the  other  hand,  any  influence  which  would  have  the  contrary 
effect  of  augmenting  this  rate  of  increase  or  decrease,  would 
have  the  effect  of  augmenting  the  e:ccentricity. 

Now,  it  is  evident  that  a  positive  radial  component,  having 
necessarily  the  effect  of  increasing  the  energy  of  the  central  at- 
traction, will  necessarily  diminish  the  rate  at  which  p  departs 
from  c  in  going  from  perihelion  to  aphelion,  and  will  conse- 
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qaentij,  according  to  what  has  been  just  explained,  have  the 
effect  of  diminishing  the  excentricitj  of  the  orbit;  but  the 
same  positive  radial  component,  continuing  to  act  while  p  passes 
from  perihelion  to  aphelion,  will  augment  the  rate  at  whidi  the 
radius  vector  decreases,  and  will  therefore  increase  the  ezeen- 
tricity. 


IL^EFFECTS  OF  THE   TRANSVERSAL  COMPONENT  OF  THE 
DISTURBING  FORCE. 

3153.  It  aeceleraies  or  retards  the  orbital  motion. — In  orbits 
of  very  small  excentricitj,  such  as  alone  are  here  considered,  the 
radius  vector  is  never  inclined  to  the  tangent  drawn  in  the 
direction  of  f^s  motion,  at  an  angle  much  less  or  much  greater 
than  90^.  From  aphelion  to  perihelion  this  angle  is  always  a 
little  less  than  90^,  being  least  at  the  extremity  of  the  minor 
axis;  and  from  perihelion  to  aphelion  it  is  always  a  little  greater 
than  90^,  being  greatest  at  the  extremity  of  the  miner  axis. 

Now,  the  transversal  component  being  always  at  right  angles 
to  the  radius  rector,  it  follows  that,  when  it  is  positive,  it  forms 
a  very  acute,  and  when  negative  a  very  obtuse,  angle  with  the 
direction  of  p's  motion.  In  the  former  case,  therefore,  very 
nearly  its  whole  effect  is  expended  in  augmenting,  and  in  the 
latter  in  diminishing,  p's  orbital  velocity. 

In  the  instantaneous  ellipse,  the  orbital  velocity  of  p  con- 
stantly increases  from  aphelion  to  perihelion,  and  constaady 
decreases  from  perihelion  to  aphelion.  Between  the  extreme 
limits  of  the  velocity,  there  is  therefore  m  certain  vdocity  which 
corresponds  to  each  particular  distance  of  p  firora  either  apsew 

3154.  It  increases  or  decreases  the  major  axis^  according  as 
it  is  positive  or  negative. — It  is  demonstrated  upon  physical 
principles,  combined  with  the  geometrical  properties  of  the 
ellipse,  that  if  y  express  the  orbital  velocity  of  p,  s  the  radius 
vector  corresponding  to  any  point  in  the  orbit,  and  a  the 
semiaxis  major  of  the  ellipse,  we  shall  have 

*  =  — V*. 

u      z 

Now,  if  the  transversal  component  be  poative,  it  will  increase 
V,  and  will  consequently  diminbh  «•,  and  therefore  increase  a ; 
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and,  on  the  contrary,  if  it  be  negative,  it  will  for  like  reasons 
diminish  a.  It  follows,  therefore,  that  a  positive  transversal 
component  will  augment,  and  a  n^ative  diminish,  the  mean 
distance  of  p  in  the  instantaneous  ellipse. 

It  follows,  by  combining  this  result  with  the  harmonic  law, 
that  a  positive  transversal  component  will  diminish  the  mean 
angular  motion  of  p,  and  that  a  negative  transversal  component 
will  increase  it, — an  effect  quite  the  opposite  of  what  might 
be  at  first  view  expected. 

3155.  It  produces  progression  of  the  apsides  from  perihelion 
to  aphelion,  and  regression  from  aphelion  to  perihelion^  when 
positive  ;  and  the  contrary  when  negative. — The  principle  here 
announced,  which  is  of  considerable  importance,  may  be  demon* 
strated  and  illustrated  in  several  ways. 

1.  It  has  just  been  shown,  that  a  positive  transversal  compo- 
nent augments  the  orbital  velocity,  and  that  in  the  instantaneous 
ellipse  the  orbital  velocity  proper  to  each  point  c<Hitinually 
increases  from  aphelion  to  perihelion,  and  continually  decreases 
from  perihelion  to  aphelion.  By  augmenting  the  vdocity, 
therefore,  the  positive  transversal  component  imparts  to  p  in 
all  cases  a  velocity  proper  to  a  point  nearer  to  perihelion,  and 
therefore  in  effect  brings  perihelion  nearer  to  p  than  it  would 
have  been  if  the  disturbing  force  did  not  act.  It  follows^  there- 
fore, that  when  p  is  moving  from  aphelion  to  perihelion,  the 
point  of  perihelion,  being  made  to  approach  it,  will  have  a  motion 
contrary  to  that  of  p,  and  therefore  regressive ;  and  when  p 
18  moving  from  perihelion  to  aphelicm,  the  point  of  perihelion, 
still  approaching  p,  must  follow  it,  and  therefore  have  a  motion 
in  the  same  direction,  or  progressive. 

It  is  evident  that  a  negative  transversal  component  must 
produce  the  contrary  effects,  and  would  therefore  impart  a 
progressive  motion  to  the  apsides  when  p  moves  from  aphelion 
to  perihelion,  and  a  regressive  motion  when  it  moves  from 
perihelion  to  aphelion. 

It  will  be  apparent,  that  at  the  very  points  of  perihelion  and 
aphelion  where  the  effects  of  a  transversal  component  on  the 
position  of  the  axis,  whether  positive  or  negative,  change  from 
progression  to  r^ression,  or  vice  versA^  the  actual  effect  upon 
the  direction  of  the  line  of  apsides  will  be  nothing. 

2.  The  same  principle  maybe  demonstrated  as  follows:— 
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By  what  has  heen  already  shown 

(8154.)^  a  positive  transversal 

component  increases  the  major 

axis  of  the  instantaneoos  ellipse^ 

#  Let  j3 pop',  fig,  827^  represent 

that  ellipse,  the  hodj  heing  sup^ 

posed  to  move  in  the  direction 

pp'ap. 

Let  s  he  the  central  bodj^ 
Fig.  827.  ^^  g/  ^^  ^^^^  f^„g  of  ^^  ^, 

lipse.   By  the  properties  of  that  curve  we  shall  have 
8P+8'p=s2a. 

Now,  if  the  velocity  of  p  he  augmented  by  the  effect  of  a  positive 
transversal  component,  the  major  axis  2a,  and  consequently  s'p, 
the  distance  of  the  empty  focus  of  the  orbit  from  p,  must  also  be 
augmented.  The  disturbing  force  will  therefore  transfer  that 
focus  to  some  such  point  as  /  upon  the  continuation  of  the  line 
Ps',  and,  accordingly  the  new  direction  of  the  m^jor  axis  will  be 
p's^^  instead  of  pss,  and  it  will  therefore  revolve  round  s  with 
a  regressive  motion. 

If  the  disturbed  body  be  at  p',  moving  from  perihelion  to 
aphelion,  the  empty  focus  will  in  like  manner  be  transferred 
to  ^',  and  the  new  direction  of  the  axis  being  y's*",  it  will  have 
a  progressive  motion  round  s. 

It  will  be  evident  that  a  negative  transversal  component  must 
t)roduce  the  contrary  effects. 

3156.  Its  effect  on  the  excentricity. — It  is  easy  to  show  that 
k  positive  transversal  component  will  augment  the  excentricity 

when  the  distance  of  p  from  s  is 
less,  and  will  diminish  it  when 
greater,  than  the  mean  distance, 
and  that  a  negative  transversal 
component  will  have  the  con« 
trary  effect. 

It  is  a  property  of  the  ellipse, 
that  for  a  given  position  of  p 
with  relation  to  the  transverse 
axis,  its  distances  PS  andps',^. 
828.^  from  the  two  foci  are  more 
less  unequal  according  as  the  ellipse  is  more  or  less  excentric. 
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This  property  will  indeed  appear  nearly  self-evident,  if  dif- 
ferent ellipses  having  the  same  major  axis  be  compared. 

If  then  ap  be  the  major  axis,  and  b  b  the  minor  axis,  the  points 
h  being  at  distances  from  s  equal  to  half  the  transverse  axis,  let 
a  positive  transversal  component  bo  supposed  to  act  upon 
p  anywhere  between  bb  and  perihelion.  Such  a  force,  ac* 
cording  to  what  has  been  proved  above,  will  increase  the 
distance  of  s'  from  p  ;  and  since  this  distance  is  greater  than 
PS,  such  a  change  will  render  the  distances  PS  and  Ps'  more 
unequal,  and  will  therefore  increase  the  excentricity. 

But  if  a  positive  transversal  component  act  anywhere  between 
hb  and  aphelion,  as  at  p',  then  by  augmenting  the  distance  p's', 
wlych  is  less  than  p's,  it  will  render  the  distances  p's  and  p's' 
less  unequal,  and  will  therefore  diminish  the  excentricity. 

It  is  evident  that  a  negative  transversal  component  acting  at 
the  same  points  will  produce  contrary  effects. 

It  may  therefore  be  inferred,  in  general,  that  the  excentricity 
will  be  increased  by  a  positive  transversal  component  between 
the  mean  distance  and  perihelion,  and  by  a  negative  one  be- 
tween the  mean  distance  and  aphelion;  and  that  it  will  be 
diminished  by  a  positive  transversal  component  between  mean 
distance  and  aphelion,  and  by  a  negative  one  between  mean 
distance  and  perihelion. 

Thus  it  appears  that  if  a  positive  transversal  component  of 
the  disturbing  force  were  to  act  constantly  on  a  planet  during 
an  entire  revolution,  it  would  cause  the  excentricity  of  the  in- 
stantaneous ellipse  continually  to  increase  from  perihelion  to 
the  end  of  the  lesser  axis,  where  it  would  attain  its  major  limit. 
From  that  point  it  would  decrease  until  the  planet  arrives  at 
aphelion,  where  it  would  attain  its  minor  limit.  From  that  it 
would  again  increase  until  the  planet  would  come  to  the  other 
extremity  of  the  minor  axis,  where  it  would  again  attain  its 
major  limit,  after  which  it  would  again  decrease  until  the  planet 
would  arrive  at  perihelion,  where  it  would  attain  again  its  minor 
limit 

It  has  been  erroneously  stated,  in  some  astronomical  works, 
that  the  points  at  which  the  excentricity  would  attain  its  major 
limit  by  this  cause,  would  be  the  extremities  of  a  perpendicular 
to  the  mtgor  axis  passing  through  the  empty  focus  of  the  orbit.* 

*  See  Herschers  Outlines  of  Astronomjr*— cd.  1849.  p.  428. 
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8157.  It9  effecU  on  the  major  axis  at  the  apsides, — Let 
pPQy  Jig.  829.,  be  the  undisturbed  orbit,  p  being  perihelion 


and  Q  aphelion.  Now,  if  we  suppose  the  revolving  body 
at  perihelion  p  to  receive  the  action  of  the  positive  tr&ns'- 
versal  component,  such  action  increasing  its  velocity  will 
throw  it  into  an  arc  such  asjjp',  which  will  include  j^f  within 
it,  and  the  revolving  body  will  consequently  move  in  the  orbit 
/^p'q'  instead  of  the  orbit  ppQ,  in  which  it  would  have  revolved 
had  it  been  undisturbed.  The  orbit,  therefore,  which  would 
result  from  the  perturbing  action  of  the  positive  transversal 
force  at  p,  would  be  one  in  which  the  line  of  apsides  would 
have  the  same  direction,  but  in  which  the  point  of  aphelion  <;^'' 
would  be  more  remote  from  o  than  the  point  of  aphelion  t^ 
of  the  undisturbed  orbit.  The  efiect  therefore  is,  that,  without 
changing  the  direction  of  the  line  of  apsides,  the  transverse  axis 
is  augmented  by  the  disturbing  force. 

Let  us  now  consider  the  effect  of  a  positive  transversal  com- 
ponent acting  upon  the  revolving  body  at  aphelion.  Let  (^Jig* 
830.,  be  the  aphelion,  and  p  the  perihelion,  of  the  undisturbed 
orbit  of  p  revolving  round  the  central  body  o.  A  positive 
transversal  force  acting  at  q,  accelerating  the  velocity  as  before. 
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will  cause  the  hodj  to  move  in  an 
orbit  Q  p^p'  having  the  same  poi^t 
o  for  its  remote  focus,  and  includ* 
ing  the  undisturbed  orbit  within  it* 
It  is  evident  that  in  thb  case, 
while  the  aphelion  distance  CQ  is 
the  same  for  both  orbits,  the  peri- 
helion distance  cp^  of  the  disturbed 
orbit  is  greater  than  the  perihe- 
lion distance  cp  of  the  undisturbed 
orbit ;  and,  consequently,  the  trans- 
verse axis  of  the  disturbed  orbit 
is  greater  than  that  of  the  undis- 
turbed. 

Hence  it  may  be  inferred,  in 
general,  that  a  positive  transversal 
force  acting  upon  the  revolving 
body,  whether  at  perihelion  or 
aphelion,  will  have  the  effect  of 
augmenting  the  transverse  axis  of  the  orbit,  but  that  when  it 
acts  at  perihelion  it  increases,  and  when  it  acts  at  aphelion  it 
diminishes,  the  excentricity. 

It  is  evident  that  a  negative  transversal  component  will  have 
the  contrary  effect,  diminishing  in  all  cases  the  transverse  axis 
of  the  orbit  by  decreasing  the  excentricity  near  perihelion,  and 
increasing  it  near  aphelion. 


Fig.  8sa 


m. — EFFECTS   OF   THB  ORTHOGONAL  COMPONENT  OF  THE 
DISTURBING  FORCE. 

3158.  It  changes  the  plane  of  the  orbit— ^lane  of  reference. -r* 
It  has  been  already  explained,  that  the  effect  of  this  component 
is  to  produce  a  change  in  the  position  of  the  plane  of  p's  orbit. 
In  order,  therefore,  to  express  such  change  of  position,  it  is 
necessary  that  some  fixed  plane  be  selected  with  relation  to 
which  the  position  of  the  plane  of  p's  orbit  may  be  expressed. 
Such  a  phme  may  be  chosen  arbitrarily,  and  we  shall  de- 
nominate it  genendly  the  plane  qfrrference. 

The  position  of  the  plane  of  p's  orbit  then  will  depend  on 
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lU  line  of  intenectioiiy  tnd  its  inclinmtion  to  the  plane  of 
reference. 

3159.  ybdes  (/disturbed  orbit  on  plane  of  reference. — Let 
aba'  and  aca\  Jig.  831.,  represent  respectiTely  the  plane  of  re- 
ference  and  that  of  p's  orhit,  seen  in  the  same  numner  as  we  are 
accustomed  to  yiew  the  equator  and  ecliptic;  A  heing  the 
ascending  node  corresponding  to  the  Temal  equinoctial  point, 
and  a'  the  descending  node  corresponding  to  the  autumnal 
^inoctial  point,  and  c  being  that  point  of  the  semicircle  which 
corresponds  to  the  solstitial  pointy  and  which  is^  therefore,  the 
point  most  remote  from  the  plane  of  reference.  We  shall  call 
ac  the  first  guadrani,  counting  from  the  ascending  node;  ca' 
the  second  quadrant;  and  the  corresponding  quadrants  of  the 
other  half  of  the  orbit  the  third  ^nd  fourth  quadrants. 

3160.  JSffeet  of  orthogonal  component  varies  with  distance 
from  iMxIe.— >Now  let  us  suppose  the  bodj  subject  to  perturba- 
tion to  be  at  some  point  such  as  p  in  the  first  quadrant,  and 
to  receive  there  the  action  of  a  positive  orthogonal  component, 
the  direction  of  p's  motion  being  indicated  by  the  arrow. 
Since  this  positive  component  has   a   tendency  to  draw  p 


Fig.  831. 

towards  the  plane  of  reference,  it  is  evident  that  the  motion 
which  p  will  receive,  by  its  action,  must  cause  it  to  proceed 
in  a  direction  between  p  c  and  a  line  drawn  from  p  perpen- 
dicular  to  the  plane  of  reference,  that  ifl^  in  such  a  direction 
as  pn  inclined  to  PC  and  below  it. 

If  the  body  subject  to  perturbation  be  in  the  second  quadrant, 
as  at  p',  it  will  for  a  like  reason,  after  the  disturbing  action, 
move  in  a  direction  p^,  slightly  inclined  to  p^a'  and  below  it. 
If  the  orthogonal  component  be  negative,  it  will  be  appai^nt 
that  at  p  the  body  would,  after  the  action  of  the  disturbing 
force,  move  in  the  direction  p  ff^  slightly  inclined  to  p  c  and 
above  it;  and  in  like  manner,  at  p^it  would  move  in  the  direction 
p  q'^  slightly  inclined  to  p'  a'  and  a  little  above  it 

Now  each  of  these  disturbances  will  change  both  the  nodes 
and  inclination. 

3161.  Abodes  progress  or  regress  according  as  the  component 
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is  negative  or  positive.  —  If  n  p  be  continued  backwards,  it 
will  intersect  the  plane  of  reference  at  a  point  r  beyond  its 
former  node  a.  It  b  evident,  therefore,  that  in  this  case 
the  ascending  node  would  regress  upon  the  plane  of  reference. 
If  the  arc  p^  9  be  in  like  manner  continued  to  meet  the  plane  of 
reference  at  9,  this  point  q  will  be  in  like  manner  behind  a\ 
Thus  the  new  position  of  the  descending  node  will  be  behind 
its  former  position,  and,  consequentlj,  in  this  case  also  the 
node  regresses. 

It  appears,  therefore,  that  wherever,  in  the  semi-circle  A  c  A', 
a  positive  orthogonal  component  acts,  its  effect  will  be  to 
impart  to  the  node  a  regressive  motion. 

The  same  reasoning  will  equally  apply  to  the  cases  in  which 
p  is  in  the  third  or  fourth  quadrant ;  and  therefore  generally 
it  may  be  inferred,  that  in  all  parts  of  p's  orbit  a  positive 
orthogonal  component  will  produce  a  regression  of  the  nodes. 

By  like  reasoning  it  will  be  perceived,  that  when  p  is  subject 
to  a  negative  orthogonal  component,  and  therefore  in  the  first 
quadrant  moves  in  the  arc  p  n%  and  in  the  second  in  the  arc 
p^  ^,  the  nodes  will  receive  a  progressive  motion,  the  new  nodes 
r'  and  ^  being  in  advance  of  the  original  nodes  a  and  A';  and 
the  same  reasoning  will  apply  to  the  third  and  fourth  quadrants. 
It  will  follow  geoflCaUjf  that  a  negative  orthogonal  component 
will  everywhere  impart  a  progressive  motion  to  the  nodes* 

3162.  Effect  upon  the  inclination.  —  It  will  be  evident,  upon 
the  mere  inspection  of  the  diagram,  that  the  obliquity  p  r  b  is 
less,  and  the  obliquity  pr^B  greater,  than  the  original  obliquity 
p  A  B,  where  p  is  in  the  first  quadrant ;  and  that,  on  the  contrary, 
the  obliquity  p'^b  is  greater,  and  p'^b  is  less,  than  the 
original  obliquity  p'a'b  in  the  second  quadrant.  It  follows, 
therefore,  that  a  positive  orthogonal  component  acting  in  the 
first  quadrant  decreases,  and  in  the  second  increases,  the 
obliquity;  and  that  a  negative  orthogonal  component  in  the  first 
quadrant  increases,  and  in  the  second  quadrant  decreases,  the 
obliquity.  It  will  follow,  in  like  manner,  that  the  effects  of 
these  components  respectively  in  the  third  quadrant  are  similar 
to  their  effects  in  the  first,  and  that  their  effects  in  the  fourth 
quadrant  are  similar  to  their  effects  in  the  second. 

It  may  then  be  stated  generally,  that  a  positive  orthogonal 
Component  decreases  the  obliquity  when  the  disturbed  body  is 
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in  the  first  aod  third  quadrants,  and  iacreases  it  when  in  the 
second  and  fourth ;  and  that  a  negative  orthogonal  component  is 
attended  with  the  opposite  effects. 

TV. — GENCRAL  8UMKABT  OF  THB  KFFECT8  OF  A  DI8TUBBIMG 
FOBCB. 

3163.   Tabuhr  sjffMpsii  of  the  effecii  (^  the  several  components 
of  the  disturbing  force,  — 
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From  Anonalf  90© 

CoAnoni.S70P    - 
From  Anom.  S70O 

to  Anom.  90©     - 
At   Anom.  9(P  or 

tr(fi 

Between     Perihe. 

lion    and    mean 

dUtaooe  . 
Between  Aphelion 

and    mean    dU- 

tanoe      - 

0 
0 

+ 

+ 

+ 
0 

H 

H 

h 

Distance     of    dit- 

Between(Pand 

90©    - 
90O        . 
Between      90O 

andl8<P 
180O      .          - 
Between    ISQO 
and270O       - 
STOO      - 
Between    S70O 
and  CO 

It  will  be  conyenient,  then,  to  collect  and  arrange  in  juzta* 
position,  for  the  purpose  of  reference,  the  yarious  effects  pro* 
duced  bj  the  three  components  of  the  disturbing  force,  as 
explained  in  the  preceding  paragraphs.  We  haye  accord- 
inglj  done  this  in  the  aboye  tabular  statement.  The  sense  in 
which  the  symbols  +  and  ^  are  applied  to  each  of  the  com- 
ponents has  been  already  exphuned.    As  applied  to  the  semi- 
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axis  Qy  the  excentricity  e,  and  the  inclination  i,  +  is  tued  here 
to  signify  increase,  and  —  diminution,  and  0  the  positions  in 
which  they  are  not  affected  by  the  disturbing  force.  As 
applied  to  the  motions  of  the  perihelion  (ir)  and  the  node  {y\  + 
indicates  progressive  and  —  regressive  motion.  The  sign  0  is 
placed  where  there  is  no  motion  imparted  to  these  points  by 
the  disturbing  force. 


CHAP.  XX. 

PBOBLBM  OF  THBBE  BODIES. 


8164.  AttrcusHon  independent  of  the  mass  of  the  attracted 
body,  —  To  obtain  clear  and  distinct  ideas  of  the  effects  of  the 
disturbing  action  of  masses  brought  into  proximity  with  bodies 
moving  in  orbits  round  a  centre  of  attraction,  it  is  most 
necessary,  in  the  first  instance,  to  comprehend  clearly  the  law 
and  conditions  which  determine  such  attractions. 

The  attraction  exerted  by  one  body  upon  another  depends 
solely  upon  the  mass  of  the  attracting  body,  and  its  distance 
from  the  attracted  body,  and  is  altogether  independent  of  the 
mass  of  the  latter.  It  is  the  more  necessary  to  indicate  this, 
inasmuch  as  students  are  apt  to  confound  the  effects  of 
attraction  with  those  of  forces  transmitted  by  impact,  pressure, 
or  other  mechanical  agency.  There  is,  however,  an  essential 
difference  between  these  effects  and  those  of  attraction.  When 
a  force  is  transmitted  by  mechanical  agency,  the  motion  which 
it  imparts  to  the  body  upon  which  it  acts  is  so  much  the  less 
as  the  mass  of  that  body  is  greater;  but  this  is  not  at  all  the  case 
with  attraction.  If  a  body  whose  mass  is  h  acts  upon  another  p 
at  the  distance  d,  it  will  impart  to  p,  being  free,  a  certain  motion 
towards  m.  Now,  if  another  body  equal  in  mass  to  p  be  placed  in 
juxtaposition  withp,  H  will  impart  to  it  an  equal  motion  in  the 
same  direction ;  and  if  three,  four,  or  more  such  bodies  be  in  like 
manner  placed  at  the  same  distance  d  near  each  other,  they  will 
be  all  equally  attracted  by  h,  and  will  move  towards  m  through 
equal  spaces,  the  attraction  which  h  excites  on  any  one  of 
them  not  at  all  interfering  with  or  diminishing  its  action  upon 
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tlie  others.  If  we  suppose  these  several  masses  to  cohere  and 
to  form  a  single  mass,  this  single  mass  will  move  towards  ic 
with  the  same  velocity.  It  follows,  therefore,  that  inasmuch 
as  M  exercises  separate  and  independent  attractions  upon  everj 
particle  composing  the  massp,  that  mass  irill  be  moved  towards 
M  by  the  attraction  of  m  at  the  same  rate,  whether  it  be  grecLt 
or  smalL 

Thus,  for  example,  it  appears  (Table  IV.  page  497.)  that  the 
attraction  which  the  sun  exerts  upon  the  earth  at  the  distance 
of  ninetj-five  millions  of  miles  is  such  as  would  cause  the 
earth,  if  it  were  at  rest  and  free,  to  move  toirards  the  sun 
through  -f^ifthB  of  an  inch  in  one  secimd  of  time.  Now,  if  the 
mass  of  the  earth  were  10  or  100  times  greater  or  less  than  it 
is,  the  sun's  attraction  exerted  at  the  same  distance  would 
produce  precisely  the  same  effect  upon  it*. 

3165.  Hence  the  denomination  ^^  accelerating  force.^  —  This 
species  of  force,  the  effect  of  which  is  exclusively  a  certain 
velocity  imparted  to  the  body  affected,  is  distinguished  in 
physics  from  that  other  sort  of  force  which  varies  in  its  effects 
with  the  mass  of  the  body  moved,  by  the  term  accelerating 
force  ;  while  the  force  which  varies  in  its  effect  with  the  mass 
of  the  body  moved,  is  called  moving  force^  or  momentum. 

3166.  Accelerating  force  of  gravitation. — The  accelerating 
force  of  gravitation  is  therefore  measured  by  and  proportional 
to  the  space  through  which  a  body  is  drawn  in  the  unit  of  time 
by  the  attraction  of  a  given  mass  at  a  given  distance. 

Let  the  unit  of  accelerating  force  be  the  space  through  which 
a  body  would  be  drawn  in  the  unit  of  time  by  the  unit  of  mass 
placed  at  the  unit  of  distance  from  it.  The  accelerating  force 
exerted  at  the  unit  of  distance  by  any  other  mass  v,  will 
therefore  be  expressed  by  the  number  of  units  in  m  ;  and  since 
the  attraction  decreases  in  the  same  proportion  as  the  square  of 
the  distance  increases,  the  accelerating  force  exerted  by  K  at 
the  distance  P  being  expressed  by  a,  we  shall  have 

—a  formula  which,  properly  understood,  expresses  the  law  of 
gravitation  in  its  highest  generality. 

3167.  Problem  of  two  bodies, — When  a  lesser  body  p  revolves 
in  an  elliptic  orbit  round  a  greater  mass  8,  the  place  of  s  being 
the  focus  of  the  ellipse,  it  has  been  hitherto  assumed  that  s  is 
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fixed,  and  not  at  all  afiected  hy  p's  attraction,  the  only  attraction 
assumed  hypotheticallj  to  be  in  operation  being  that  of  s  upon 
p.  Now  if  D  be  the  distance  between  them,  and  a  the  space 
thi*ough  which  p  would  be  drawn  hy  s  in  the  unit  of  time,  we 
should  have,  according  to  what  has  been  just  explained. 

But,  bj  the  universal  reciprocity  of  the  principle  of  gravitation, 
p  acts  upon  s  as  well  as  s  upon  p  ;  and  if  tlie  accelerating  force 
ef  F  on  s  be  expressed  hy  a',  we  shall  have 

It  remains,  therefore,  to  consider  in  what  manner  this  effect 
of  p's  attraction  will  modify  the  conclusions  at  which  we  have 
arrived  upon  the  supposition  that  the  attraction  alone  of  s  was 
in  operation.  It  is  evident  that  by  p's  attraction  s  is  drawn 
towards  p,  while  by  s's  attraction  p  is  drawn  towards  s. 

If  s  alone  were  supposed  to  act,  the  distance  d  would  in  the 
unit  of  time  be  decreased,  supposing  the  bodies  free  to  move 
towards  each  other,  by  the  space  a.  But  now  that  the  action 
of  P  is  admitted,  the  distance  d  between  p  and  s  will  be  dimi* 
nished  by  the  sum  of  the  spaces  through  which  s  and  p  may  be 
respectively  moved  in  the  unit  of  time,  each  by  the  attraction  of 
the  other ;  so  that  we  should  have  the  actual  force  of  mutual  at^ 
traction  between  the  two  bodies  — 

,__  8+P 


A  -I-a' 

It  appears,  therefore,  that  the  mutual  attraction  of  the  two 
bodies  is  greater  than  when  s  alone  acted  in  the  proportion  of  s 
to  s  +  p ;  and,  consequently,  that  the  relative  motion  of  p  round 
8  will  be  precisely  the  same  as  if  the  mass  of  s  were  increased 
by  the  addition  to  it  of  the  mass  of  p  and  p  were  deprived  of 
its  reciprocal  attraction.  Since,  then,  this  increased  attraction, 
)ike  the  original  attraction  of  s,  is  one  which  increases  as  the 
square  of  the  distance  decreases,  it  is  subject  to  the  same  law 
US  that  which  determines  the  elliptic  form  of  the  orbits  ;  and  it 
consequently  follows,  that,  subject  to  this  reciprocal  attraction 
of  the  two  bodies,  p  will  still  describe  an  elliptic  orbit  round  s 
as  a  focus ;  but  the  central  attraction  being  augmented  in  the 
ratio  of  8  +  p  to  s,  the  ratio  of  the  cube  of  the  mean  distance 
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to  the  square  of  the  periodic  time,  according  to  what  has  been 
establiahed  (2634.),  will  undergo  a  corresponding  increase ;  so 
that  if  a  were  the  mean  distance,  and  j9  the  period  of  p  moyin^ 
round  s,  subject  to  s's  attraction  only,  and  exerting  no  attraction 
of  its  own,  and  a'  were  the  mean  distance  and  p'  the  period  when 
F  exerts  the  reciprocal  attraction  upon  s,  we  shall  have 

srs+p::^:^ 

Thus  it  appears  that  the  admission  of  p's  reciprocal  attraction 
on  8  would  augment  the  distance  with  the  same  period,  or  di- 
minish the  period  with  the  same  distance ;  in  short,  at  the  same 
distance  the  mean  motion 'of  the  revolving  bodj  would  be 
accelerated,  or  with  the  same  mean  motion  its  distance  would 
be  increased. 

To  this  extent,  and  in  this  sense  onlj,  a  perturbation  would 
be  produced  bj  the  reciprocal  attraction  of  p  upon  s. 

3168.  Problem  of  three  bodies. — It  is,  therefore,  onlj  when 
a  third  bodj  intervenes  that  a  perturbing  force  is  produced 
which  has  anj  tendency  to  impair  the  elliptic  character  of  the 
orbit ;  and  the  investigation  of  the  effects  of  such  a  combination 
has  acquired  great  celebrity  in  the  history  of  science,  from 
the  difficulties  which  it  presented,  and  the  importance  of 
the  results  which  followed  its  solution.  This  question  is 
generally  denominated  the  fbobleh  of  three  bodies. 

The  three  bodies  involved  in  the  problem  are,  1st,  the  central 
body  s ;  2ndly,  the  revolving  body  p,  which  if  undisturbed  would 
describe  an  elliptic  orbit  round  s  as  a  fociis ;  3rdly,  the  disturbing 
body  M. 

3169.  Simplified  by  the  comparative  feebleness  of  the  forces 
exerted  by  the  third  body. — In  all  the  cases  presented  in  the 
great  phenomena  of  the  universe^  the  mass  of  s  is  incomparably 
greater  than  that  of  p,  and  the  attraction  exerted  by  h  is  in- 
comparably more  feeble  than  the  central  attraction  of  s  on  p^ 
either  because  of  the  comparative  smallness  of  h's  mass,  or 
because  of  its  great  distance  from  the  attracted  body,  or  from 
both  these  causes  combined. 

3170.  Attracting  force  of  third  body  not  wholly  disturbing, 
>^But  whatever  be  the  force  exerted  by  m,  it  is  most  necessary 
to  bear  in  mind  two  things  respecting  it:  1st,  that  its  attraction 
does  not  necessarily  produce  a  disturbing  action  at  all  upon  p*s 
orbit ;  and  2ndly,  that  when  it  does,  the  disturbing  action  is  not 
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identical  with  m*3  attraction  upon  p,  either  in  intensity  or  di- 
rection. It  is  never  equal  to  it  in  intensity,  and  very  rarely 
identical  with  it  in  direction,  often  having  a  direction  immediately 
opposed  to  that  of  h's  attraction. 

3171.  Attracting  force  which  would  produce  no  disturbing 
effect. — Such  a  force  must  he  one  which  would  cause  s  and  p 
to  be  moved  in  parallel  lines  in  the  same  direction  through 
equal  spaces  in  the  same  time.  It  is  quite  evident  that  such  a 
force,  while  it  would  transport  s  and  p  with  this  common  motion 
in  a  common  direction,  could  not  in  the  least  degree  derange 
their  relative  position  or  motion.  If  p,  previously  to  the  action 
of  such  a  force,  revolved  round  s,  for  example,  in  a  circle  with 
a  uniform  velocity,  it  would  continue  to  revolve  round  it  in 
the  same  circle  with  the  same  velocity  when  subject  to  the 
force  here  supposed ;  for  the  effect  would  be  merely  that  the 
two  bodies  with  their  circular  orbit  would  be  transported  in 
space  as  bodies  would  be  which  might  be  supposed  to  have  any 
motion  upon  the  deck  of  a  ship  in  full  sail 

3172.  This  would  he  tlie  case  if  the  third  body  were  enor^ 
mousfy  distant  compared  with  the  second. — But  in  order  to 
impart  such  a  force  to  s  and  p,  the  body  m  must  be  at  such  a  dis- 
tance from  them  that  the  distance  between  s  and  p  should  subtend 
at  M  a  visual  angle  so  small  as  to  be  insensible ;  since  otherwise 
the  lines  of  h*s  attraction,  being  sensibly  convergent,  would  not 
be  parallel.  If  the  distance,  however,  of  ii  be  enormously  great 
compared  with  the  distance  between  s  and  p,  then  the  direction 
of  h's  attraction  on  s  and  p  will  be  sensibly  parallel ;  and  for  the 
same  reason,  the  variation  of  the  intensity  of  m*s  attraction  will 
be  likewise  inconsiderable,  since  it  varies  inversely  as  the  square 
of  the  distance,  and  since,  by  the  supposition,  the  distance  of  p 
from  s  is  quite  insignificant  compared  with  the  distance  of  M 
from  either  of  them. 

3173.  Example  (f  a  force  supposed  to  act  on  the  solar  system. 
—Thus,  if  we  suppose  that  the  solar  system  is  subject  to  the 
attraction  of  some  mass  or  collection  of  masses  among  the  fixed 
stars  at  a  distance  so  prodigious  that,  compared  with  it,  the 
whole  dimensions  of  the  system  would  shrink  into  a  point, 
such  an  attraction  would  have  the  character  here  described,  and 
the  whole  solar  system  would  be  moved  by  it  with  a  common 
motion  in  a  given  direction,  all  the  bodies  composing  it  de- 
scribing parallel  lines  with  the  same  velocity,  and  consequently 
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preierring,  so  far  as  they  are  affected  hy  this  common  motioo, 
tlieir  relative  positions. 

3174.  Case  tn  which  the  distance  of  the  third  body  is  not  cont- 
parativdy  great,  —  Let  us  now,  however,  suppose  that  the 
third  bodj,  M,  is  placed  at  such  a  distance  from  p  and  s  that  it 
acts  upon  them,  not  only  in  ditferent  directions,  but  with  forces 
of  different  intensities,  and  consequently  imparts  to  them 
motions  which,  being  neither  equal  nor  parallel,  must  neces- 
sarily derange  their  relative  positions,  and  which  consequently 
give  rise  to  a  disturbing  force. 

The  question  then  remains  to  be  solved,  to  determine  the 
intensity  and  direction  of  this  disturbing  force,  being  given  the 
intensities  and  directions  of  the  attractions  exerted  by  the 
mass  M  upon  p  and  s 

Let  the  distance  p  8=r,  m  s=i^,  and  m  r=z.  If  it  s  and  s  p. 
Jig,  832.,express  respectively  the  masses  of  the  three  bodies,  we 
sball  have 


•».      g  M*s  attraction  upon  s= 


M 


r' 


.•^ 


m's  attraction  upon  p=-^, 

z* 

f    go^^         «    ^     s's  attraction  upon  P=-r. 

Now  let  us  imagine  two  forces  each  equal  to  m's  attraction 

on  &,  that  is»  to  -^,  to  act  upon  p  in  opposite  directions ;  one  in 

the  direction  p  m  parallel  to  m  s,  and  the  other  in  the  direction 
immediately  opposed  to  this.  These  two  forces  being  equal, 
and  immediately  opposed,  will  of  course  produce  no  effect 
whatever  upon  p,  and  therefore  their  introduction  is  allowable 
without  involving  any  change  in  the  mechanical  conditions*  of 
the  system.  But  the  force  which  now  acts  upon  p,  parallel  to 
sx,  Mid  <^>posite  to  rm,  would  impel  p  through  a  space 
parallel  to  8  m  in  the  unit  of  time,  exactly  equal  to  that  through 
which  MS  attraction  upon  s  impels  s.  These  two  forces^  there* 
fore,  would  carry  p  and  s  in  parallel  directions  through  equal 
spaces  in  the  unit  of  tim^  and  would  therefore  produce  no- 
disturbing  effect  (3170.).  All  the  disturbance,  therefore,  which 
can  be  produced  upon  p  by  the  forces  in  operation  must  arise 
from  the  combined  action  of  the  two  forces  acting  upon  p:  Ist 
ii*s  attraction  in  the  direction  px;  and  2nd]y,  a  force  equal  and 
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contrary  to  h's  attraction  on  s,  acting  in  the  direction  vm 
parallel  to  m  s.  If,  therefore,  we  take  the  line  p  m  in  tlt^e  same 
proportion  to  pm  as  the  attraction  of  m  upon  s  has  to  the 
attraction  of  m  upon  p,  lend  complete  the  parallelogram  pmxu^ 
the  diagonal  pxwill  express,  in  intensity  and  direction,  the 
resultant  of  the  forces  expressed  by  the  sides  p  m  and  p  m  ;  in 
other  words,  the  diagonal  rx  will  express  in  quantity  and 
direction  the  resultant  of  the  only  two  forces  which  can 
produce  a  disturbing  effect  upon  p.  Since  m's  attraction  on  s, 
represented  by  mx,  is  to  m*s  attraction  on  p,  represented  by  mp, 
as  the  square  of  m  p  is  to  the  square  of  m  s,  it  follows  that 

s  M* :  p  M* : :  p  M :  M  or ; 

or,  if  we  use  the  symbols  already  indicated,  we  shall  have 

f^^:  z^y.ziux; 
and  consequently 

«*=7i (1-) 

We  shall  obtain  an  expression  for  s  x,  the  distance  of  the 
point  X  from  the  central  body  s,  by  subtracting  M  x  from  s  H ; 
consequently. 

But  since 
we  shall  have 

.8  »=(.'-*)  x(l+J  +  ^) (2.) 

By  either  of  these  formulae  (1)  or  (2),  the  direction  of  the 
disturbing  force  can  always  be  determined.  It  is  only  necessary 
to  take^  upon  the  line  joining  the  disturbing  and  central  bodies, 
a  space  uxor  sxy  determined  by  one  or  the  other  formulas  (1) 
or  (2). 

317o.  To  determine  the  ratio  of  the  disturbing  to  the  central 
force.  —  For  this  purpose  let 

A=M*s  attraction  on  p. 
Af=i^a  attraction  on  s. 
a"=s'8  attraction  on  K. 
D=the  disturbing  force  px, 
F=8's  attraction  on  p. 
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We  shall  then,  according  to  what  has  been  explained  above, 
have — 

A'      MX  Z^'  A"        8  F    ""7»- 

Bj  multiplying  all  these  together  we  shall  obtain 
e=?Jx5xPx. (3.) 

By  this  formula  the  ratio  of  the  disturbing  force  d  to  the 
central  attraction  f  can  always  be  calculated  when  the  masses 
of  the  disturbing  and  central  bodies,  and  their  distances  from 
each  other  and  the  disturbed  body,  are  known ;  for  in  such 
cases  the  line  px  can  be  calculated  by  the  common  principles 

of  trigonometry;  and  consequently  <-,  or  the  ratio  of  the  dis- 
turbing to  the  central  attraction,  will  be  found. 

3176.  How  the  direction  of  the  disturbing  force  varies  with 
the  relative  distances  of  the  disturbed  and  the  disturbing  from 
the  central  body, — ^By  the  formula  (1 ),  it  is  evident  that  ux  will 
be  less  or  greater  than  i^  according  as  z  is  less  or  greater  than 
r';  and  that  ii  z  be  equal  to  r',  ux  will  be  equal  to  MS.  It 
appears,  therefore,  that  when  the  distance  of  m  from  p  is  less 
than  its  distance  from  8,  the  direction  of  the  disturbing  force 
will  lie  between  k  and  8 ;  that  when  it  is  greater  than  p*8 
distance  from  8,  the  central  body  8  will  lie  between  the  direc- 
tion of  the  disturbing  force  and  m  ;  and  that  when  m  is  equally 
distant  from  8  and  p,  the  disturbing  force  will  be  directed  to  s. 

This  appears  also  from  the  consideration  of  the  formula  (2) : 
for  if  z^^r'y  8x=:0,  which  indicates  that  the  disturbing  force 
is  in  that  case  directed  to  8 ;  and  according  as  r'  is  greater  or 
less  than  r,  /— 2^  and  therefore  sx  is  positive  or  negative; 
showing  that  in  the  former  case  it  is  to  be  taken  from  s  towards 
II,  and  in  the  latter  case  in  the  opposite  direction. 

To  trace  the  varying  direction  of  the  disturbing  force  during 
the  synodic  revolution  of  p  round  8,  we  must  consider  succes- 
sively the  cases  in  which  the  disturbing  body  or  its  projectioa 
on  the  plane  of  p's  orbit  lies  outside  and  inside  that  orbit ;  the 
former  case  representing  the  disturbing  action  of  a  superior 
upon  an  inferior,  and  the  latter  that  of  an  inferior  upon  a 
superior  planet.  We  shall  therefore  consider,  in  the  first  in- 
stance^ the  efiects  only  of  that  component  of  the  disturbing 
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force  which  is  in  the  plane  of  the  disturbed  orbit,  and  after- 
wards that  of  the  orthogonal  component. 

3177.  First  Case.  The  component  of  the  disturbing  force 
in  the  plane  of  the  orbit  when  the  disturbing  body  is  outside  the 
orbit  of  the  disturbed  body, — Let  s,^.  833.,  be  the  central, 


Fig.  833. 

and  M  the  disturbing  bodj;  and  let  Pi,  v^  v^  &c.  be  the 
jiiBturbed  bodj  in  a  succession  of  its  synodic  positions. 

It  is  evident  from  the  formulsB  (1)  and  (2),  that  as  p  moves 
from  a^  taking  successivelj  the  sjnodic  positions  P|,  p^;  p„  &c., 
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Xy  and  therefore  uxy  constantlj  increases ;  and  consequentlj  the 
point  where  the  direction  of  the  disturbing  force  meets  the 
line  M8  constantly  approaches  s.  The  angle  8P,ar|,  obtuse  at 
first,  becomes  less  and  less  so  at  P]  and  p^,  until,  at  a  certain 
point  P9  it  is  reduced  to  90^.  There  the  direction  p,  x^  of 
the  disturbing  force  is  therefore  that  of  the  tangent  to  p*s  orbit ; 
and  its  direction  being  opposed  to  p's  motion,  it  is  negative. 

After  passing  this  point  p^,  the  angle  formed  bj  the  disturb- 
ing force  with  the  direction  pm  becomes  less  than  90^  When 
the  distance  fm  becomes  equal  to  sx,  as  at  P49  the  direction  of 
the  disturbing  force,  according  to  what  has  been  shown  (3176.), 
passes  through  s,  and  accordingly  x^  coincides  with  s. 

After  p  passes  this  position,  the  direction  of  the  disturbing 
force  passes  above  s  as  atPs  X5,  the  angle  MPar  increasing.  At 
a  certain  point  Pe  this  angle  again  becomes  90° ;  and  the  di* 
rection  p^  x^  of  the  disturbing  force  being  at  right  angles  to 
8P,  becomes  tangential  The  point  x  continues  to  recede  from 
8  until  p  arrives  at  c. 

While  p  passes  from  c  to  o  through  the  other  half  of  its 
synodic  revolution,  the  direction  of  the  disturbing  force  under* 
goes  like  changes,  but  in  a  contrary  order,  being  tangential  at 
p^'  and  Ps',  and  radial  at  P4', — points  which  severally  correspond 
to  Pfi,  Pj,  and  P4  in  the  other  half-synodic  revolution. 

3178.  To  determine  the  sign  of  each  of  the  components  of 
the  disturbing  force^  in  each  successive  point  of  the  orbit, — 

If 
Commencing  at  o,  m*s  attraction  on  p  will  be  ,  ^^   .,,  and  ii'a 

attraction  on  8  will  be  -^  The  former  being  greater  than  the 
latter,  the  disturbing  force  d,  exerted  on  p,  will  be 

and  this  force  being  directed  from  p  to  m  will  be  opposed  to 
the  central  attraction,  and  will  therefore  be  negative. 

While  p  passes  over  the  arc  op,  this  negative  radial  com- 
ponent gradually  diminishes,  and  the  tangential  component^ 
wbich  at  o  is  nothing,  gradually  increases,  being  also  negative. 
When  p  arrives  at  p,,  the  negative  radial  component  vanishes, 
and  the  whole  disturbing  action  consists  of  a  negative  tangential 
force. 

After  passing  Pjj  the  radial  component  changes  its  sign  and 
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becomes  positive,  the  tangential  component  continuing  to  be 
negative  and  to  diminish.  From  p,  to  P4,  as  for  example  at  p^ 
the  negative  tangential  component  graduallj  diminishes,  and 
vanishes  altogether  at  P4,  while  the  positive  radial  component 
increases,  and  at  P4  constitutes  the  whole  disturbing  force, 
being  then  directed  to  s. 

After  passing  p^,  as  for  example  at  P5,  the  tangential  com* 
ponent  changes  its  sign,  and  becomes  positive,  so  that  both 
components  of  the  disturbing  force  are  positive,  the  radial  com- 
ponent now  decreasing. 

When  p  arrives  at  Pq,  the  radial  component  vanishes,  the 
whole  disturbing  force  becoming  tangential. 

After  passing  Pg  the  radial  component  again  changes  its 
sign,  and  becomes  negative,  as  at  P7,  and  increases  continually 
to  c,  the  positive  tangential  component  at  the  same  time 
continually  decreasing,  and  becoming  =  0  at  c.  At  this  point 
c,  therefore,  the  disturbing  force  is  wholly  radfal,  andisnegative^ 
being  therefore  in  antagonism  not  only  with  the  central  attrac- 
tion of  8,  but  with  the  immediate  attraction  of  m,  which  is 
its  cause. 

It  may  be  naturally  asked,  how  it  can  happen  that  the 
attracting  force  of  m  produces  a  disturbing  force  in  immediate 
opposition   to  its  own  direction?     This,   however,   is   easily 

explained,    h's  attraction  on  s  being  -^,  and  m's  attraction  on 

p  at  c  being  -—^ -^  the  former  being  greater  than  the  latter, 

we  shall  have  the  disturbing  force 


D  = 


(r-h  r/ 


2' 


which  is  negative:  in  fact,  s  is  attracted  towards  m  with  a 
greater  accelerating  force  than  p,  and,  consequently,  8  and  p 
are  caused  to  separate  from  each  other  by  a  space  equal  to  the 
difference  of  the  two  attractions,  which  is  equivalent  to  a 
repubion  acting  from  s  upon  p,  or,  what  is  the  same,  a  negative 
disturbing  force. 

The  tangential  component  vanishing  at  c  changes  its  sign ; 
the  radial  component,  however,  continuing  negative.  From  c 
to  Pq',  for  example  at  P7',  therefore,  both  components  are 
negative,  and  the  radial  component  gradually  diminishes  until 
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p  arrives  at  p'^,  when  it  yanishes,  the  whole  disturbing  action 
being  a  n^ative  tangential  force. 

After  passing  p^',  as  for  example  at  p/,  the  radial  component 
changing  its  sign  becomes  positiyCy  the  tangential  component 
continuing  negative  and  decreasing  graduallj  until  it  vanishes 
when  p  arrives  at  p'4,  at  which  point  the  whole  disturbing 
action  is  a  positive  radial  force. 

After  passing  P4',  as  for  example  at  p/,  the  tangential  com* 
ponent  again  changes  its  sign  and  becomes  positive;  both 
components  are  therefore  positive  to  p^'y  where  the  radial 
component  becomes  nothing,  and  the  whole  disturbing  action 
consists  of  a  positive  tangential  force. 

After  passing  p/,  as  for  example  at  p/,  the  radial  component 
again  changes  its  sign  and  becomes  negative;  the  tangential 
component  continuing  however  positive,  until  p  arriving  at 
o  completes  its  revolution. 

3179.  Diagram  iUuitrating  these  changes  of  directions. — 
In  the  diagram  we  have  indicated  in  an  obvious  waj  these 
successive  changes  of  the  directions  of  the  components  of  the 
disturbing  force,  the  radial  component  being  expressed  bj  r, 
and  the  tangential  hj  ^  and  their  quality  or  value  being 
expressed  bj  the  symbols  +,  — ,  or  o,  wliich  follow  thenu 
The  diagram,  though  appearing  at  first  view  complicated,  is 
reallj  simple  and  easily  understood ;  and  the  indications  given 
will  be  found  bj  the  student  to  be  extremely  convenient  and 
useful 

3180.  Second  Case,  tit  which  the  disturbing  body  is  within  the 
disturbed  orbit  — Let  us  now  suppose  that  K  is  within  p's  orbit, 
as  in^.  834.,  and  that  its  dbtance  from  the  central  body  s  is 
greater  than  half  the  radius  of  p's  orbit.  Taking,  as  before,  the 
disturbed  body  p  in  a  succession  of  positions  P|,  Pj,  P3,  P4,  Sec, 
the  direction  of  the  disturbing  forces  P]  Xi^  Ps^a»  ^3  ^»  ^  Sfcc, 
is  found  in  the  same  manner  exactly  as  before. 

Now  it  will  be  easy  to  perceive,  by  following  the  lines  upon 
the  diagram,  how  the  direction  of  the  disturbing  force  varies 
with  relation  to  x  and  s.  At  a  point  such  as  Pi  it  falls  at  Xy^ 
between  k  and  s ;  at  P29  where  m  p^^m  s,  it  is  directed  to  s»  as 
has  been  already  proved.  At  this  point,  therefore,  the  disturbing 
force  is  wholly  radiaL  When  p  has  advanced  to  the  position 
P4,  at  which  the  direction  of  the  disturbing  force  is  at  right 
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angles  to  the  radius  vector  bt^^  it  is  whoUj  tangential,  the 
radial  force  vanishing. 


Fig.  834. 

At  c,  where  h's  attraction  is  at  right  angles  to  the  tangent, 
the  tangential  force  vanishing,  the  disturbing  force  is  whoUj 
radiaL  In  the  semicircle  described  bj  p  in  passing  from  c  to  o, 
there  are  two  points,  p'4  and  p'j,  corresponding  to  the  points  P4 
and  Pj,  at  the  former  of  which  the  radial,  and  at  the  latter  the 
tangential,  component  vanishes. 

3181.  Changes  of  sign  of  the  components  in  this  case, — It 
will  now  be  easy  to  trace  the  successive  changes  of  direction  of 
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each  of  the  components  of  the  disturbing  force  to  which  p  is  sub- 
ject in  the  successive  positions  which  it  assumes  throughout 
its  synodic  period. 

At  o,  M*s  attraction  upon  p  is  .  ^  ,^^  and  m*s  attraction  on 

6  is  -^;  and  since  both  these  attractions  are  directed  towards 

It,  the  relative  effect  upon  p  and  s  will  be  their  sum ;  and  there- 
fore p  and  8  will  be  attracted  towards  each  other  bj  a  disturb- 
ing force,  the  value  of  which  will  be. 

In  this  case  it  is  obvious  that  the  disturbing  force  will  be 
whoUj  radial  and  positive,  the  tangential  force  being  nothing, 
inasmuch  as  the  direction  of  the  disturbing  force  is  at  right 
angles  to  the  tangent  When  the  bodj  leaving  o  moves  to- 
wards P),  the  radial  force,  being  still  positive,  graduallydecreases, 
and  the  tangential  force  being  inclined  below  the  radius,  will  act 
against  p*8  motion,  and  therefore  be  negative.  As  p  moves 
forward,  the  negative  tangential  force  gradually  decreases ;  and 
when  p  arrives  at  p^,  where  its  distance  from  m  is  equal  to  that 
of  s  from  H,,  the  disturbing  force  being  wholly  radial,  the 
tangential  force  vanishes.  After  passing  this  point,  as  for 
example  at  p^,  the  tangential  force,  changing  its  sign,  becomes 
positive  as  well  as  the  radial  force,  and  both  forces  continue  to 
be  positive,  the  radial  force  gradually  decreasing  until  the  body 
arrives  at  P4,  where  the  radial  force  vanishes,  the  disturbing 
force  taking  the  direction  of  the  tangent,  and  being  still 
positive. 

After  passing  this  point,  the  radial  force,  changing  its  sign» 
becomes  negative  as  at  Pg,  the  tangential  force  still  being 
positive,  and  gradually  decreasing.  This  latter  vanishes  when 
p  arrives  at  c,  where  the  whole  disturbing  force  is  radial  and 
negative.  After  passing  this  point,  the  negative  radial  force 
gradually  diminishes,  and  the  tangential  component,  changing 
its  direction  as  at  P5',  becomes,  like  the  radial  component,  nega- 
tive. On  arriving  at  P4'',  the  radial  component  having  gra- 
dually decreased,  vanishes,  the  whole  disturbing  force  being 
tangential  and  negative. 
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Passing  this  point,  the  radial  component  changing  its  sign 
becomes  positive  as  at  t^\  the  tangential  component  being 
still  negative.  On  arriving  at  p,',  the  tangential  component 
having  gradually  decreased,  vanishes,  and  the  whole  disturbing 
force  is  radial  and  positive.  After  passing  this  point,  as  for 
example  at  p/,  the  tangential  component,  as  well  as  the  radial 
component,  is  positive ;  and,  in  fine,  when  the  body  returns  to 
O,  the  tangential  component  vanishes,  and  the  radial  component 
is  positive. 

All  these  changes  are  indicated  on  the  diagram  in  the  same 
manner  as  in  the  former  case. 

We  have  here  supposed  that  the  distance  of  m  from  s  is 
greater  than  half  the  distance  os,  and  we  have  accordingly  seen 
that  there  are  only  two  certain  points  p,  and  p/  in  each  semi- 
circle where,  the  distance  of  p  and  8  from  m  being  equal,  the 
tangential  component  vanishes,  and  the  whole  disturbing  force 
becomes  radial.  If  m  be  supposed  gradually  to  approach  the 
middle  point  of  so,  these  points  p^  and  p^'  will  assume  positions 
gradually  nearer  and  nearer  to  the  point  o ;  and  when,  in  fine^ 
H  coincides  with  the  middle  point  of  so,  these  two  points  p, 
and  P3'  will  coalesce  with  the  point  o.  In  this  case  there  will 
be  no  point  in  either  semicircle  at  which  the  disturbing  force 
will  be  wholly  radial ;  but  there  will  still  be  the  points  P4  and 
P4',  at  which  it  will  be  wholly  tangential,  and  accordingly  the 
orbit  in  this  case  will  be  divided  into  only  four  arcs,  separated 
by  the  points  P4  and  P4'  at  which  the  disturbing  force  is  ex- 
clusively tangential,  and  the  points  o  and  0  at  which  it  is  ex- 
clusively radial. 

The  same  observations,  mutatis  mutandis^  will  be  applicable 
when  M  lies  between  the  middle  point  of  the  radius  so  and  s. 

3182.  General  summary  of  the  changes  of  direction  of  the 
radial  and  transversal  components  of  the  disturbing  force 
during  a  synodic  period  of  the  disturbed  body.  —  It  will  be 
convenient,  as  well  for  the  purposes  of  reference  as  to  impress 
them  on  the  memory,  to  collect  here,  and  arrange  in  juxta- 
position, the  several  changes  of  direction  which  the  components 
of  the  disturbing  force  in  the  plane  of  the  disturbed  orbit 
undergo  during  a  synodic  period  of  p.  This  is  done  in  the 
following  table,  the  signs  retaining  the  significations  already 
given  to  them :  — 
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3183.  Varying  effects  of  the  orthogonal  component  during  a 
synodic  revolution. — If  a  triangle  be  imagined  to  be  formed 
bj  lines  drawn  joining  the  places  of  the  central  body  s,  the 
disturbed  bodj  p,  and  the  disturbing  body  m,  the  plane  of  this 
triangle  wUl  in  general  be  inclined  at  some  angle  to  the  plane 
of  p's  orbit.  The  direction  of  the  disturbing  force,  according 
to  what  has  been  shown,  will  be  that  of  a  line  drawn  from  p 
in  the  plane  of  this  triangle,  meeting  the  line  hs  either  between 
M  and  s,  at  s,  or  bejond  s,  according  to  the  relative  magnitude  of 
MS  and  MP.  If  MP  be  less  than  ms,  then  the  direction  of  the 
disturbing  force  will  meet  ms  between  m  and  s;  if  mp=m8, 
its  direction  will  be  that  of  the  line  ps  ;  and,  in  fine,  if  mp  be 
greater  than  ms,  its  direction  will  meet  the  prolongation  of  ms 
beyond  s. 

On  considering  these  various  directions  of  the  disturbing 
force,  it  will  be  evident  that  when  mp  is  less  than  m  s  its  direc- 
tion will  lie  on  the  same  side  of  the  plane  of  p's  orbit  with  the 
disturbing  body  m,  and  the  orthogonal  component  being  there- 
fore directed  towards  that  side,  will  have  a  tendency  to  bring 
the  plane  of  the  dbturbed  orbit  nearer  to  m. 

When  M  p  is  greater  than  m  s,  on  the  contrary,  the  direction 
of  the  disturbing  force  meeting  the  prolongation  of  the 
line  M  s  beyond  s,  must  lie  oh  the  side  of  the  plane  of  p's  orbit, 
different  from  that  at  which  M  is  placed ;  and  the  orthogonal 
component  being  in  that  case   directed    to    the  same  side, 
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would  have  a  tendency  to  deflect  the  plane  of    p*8   orbit 
from  M. 

In  the  former  case,  the  orthogonal  component  would  decrease, 
and  in  the  latter  it  would  increase  the  angle  at  which  the  line 
M  8  is  inclined  to  the  plane  of  p^s  orbit 

When  M  p  =  M  8,  the  disturbing  force,  being  directed  from 
p  to  8,  would  act  in  the  plane  of  p's  orbit,  and  would  con- 
sequently have  no  effect  in  changing  that  plane. 

If  M  be  situate  anywhere  in  the  plane  of  p's  orbit,  which 
will  be  the  case  whenever  it  passes  through  the  nodes  of  its 
own  and  p's  orbit,  the  three  bodies  being  in  the  same  plane, 
the  orthogonal  component  of  the  disturbing  force  will  be 
nothing. 

Thus  it  appears  that  the  orthogonal  component  will  vanish  at 
each  passage  of  m  through  p's  nodes  ;  and  also  at  each  of  the 
points,  if  any  such  there  be,  at  which  m  and  p  are  equally 
distant  from  8. 

3184.  Periodic  and  secular  perturbations.  —  From  what  hils 
been  explained  in  the  present  and  the  preceding  chapter,  it 
appears  that  the  several  components  of  the  disturbing  force 
produce  contrary  effects  on  the  elements  of  the  disturbed  orbit 
when  they  have  contrary  signs,  and  that  they  are  severally 
subject  to  a  succession  of  changes  of  sign  during  the  synodic 
revolution  of  the  disturbed  and  the  disturbing  bodies.  The 
several  elements  of  the  disturbed  orbit  will  therefore  be  in  a 
continual  state  of  oscillation,  from  these  alternate  actions  of  the 
components  of  the  disturbing  force  in  one  direction  and  the 
other. 

If,  in  all  cases,  the  sum  of  the  effects  produced  by  the  action 
of  each  component  while  positive  were  equal  to  the  sum  of  its 
effects  while  negative,  the  elements  would  oscillate  round  a 
fixed  and  invariable  state.  They  would  pass  through  all  their 
variations  when  the  disturbed  and  disturbing  bodies  would 
have  assumed  all  their  possible  varieties  of  position  with 
relation  to  the  central  body,  and  they  would  then  recommence 
the  same  succession  of  changes. 

The  mean  values  of  all  the  elements  of  the  disturbed  orbit 
would  in  this  case  be  constant.  Thus  the  major  axis  would 
alternately  increase  and  decrease  between  fixed  limits,  but  its 
mean  value  would  be  always  the  same.  In  like  manner,  the 
excentricity  and  inclination  would  alternately  increase  and  de- 
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crease,  baving  a  constant  mean  value ;  and  the  like  would  be 
true  of  the  other  elements. 

But  if,  on  the  contrary,  it  were  found,  on  comparing  the  smii 
of  the  positive  with  the  sum  of  the  negative  effects  of  any  of  the 
components,  that  the  sum  of  all  the  effects  while  positive  were 
not  exactly  equal  to  the  sum  of  the  effects  while  negatiye,  but 
that  a  certain  minute  difference  or  residual  phenomenon  always 
remains  uneffaced,  it  is  evident  that  this  residuum,  however 
small  it  may  be,  must  accumulate  until  at  length  it  will  attain 
a  magnitude  which  will  tell  in  a  very  sensible  manner,  and, 
if  a  still  longer  series  of  periods  be  waited  for,  would  totally 
change  the  elements  of  the  disturbed  orbit 

It  must  be  observed  that  the  interval  which  leaves  this  re- 
siduum uncompensated,  is  one  during  which  the  disturbed  and 
disturbing  bodies  pass  through  all  possible  varieties  of  configu- 
ration, taking  into  the  account  not  merely  their  directions  with 
relation  to  the  central  body,  but  their  positions  with  relation  to 
the  apsides  of  their  respective  orbits.  It  is  only  after  assuming 
all  the  varieties  of  relative  position  and  distance,  arising  as  well 
from  the  relative  changes  of  direction  of  m  and  p  as  viewed 
from  8,  as  fVom  their  changes  of  position  in  their  respective 
orbits  with  relation  to  their  points  of  perihelion  and  aphelion,  that 
the  components  of  the  disturbing  force  complete  their  round 
of  effects,  and  recommence  another  series  of  actions.  It  is  the 
residual  phenomena  which  remain  uneffaced  ailer  this  interval, 
which,  accumulating  for  a  long  succession  of  ages,  produce  the 
ultimate  changes  of  the  elements  now  referred  to. 

It  appears,  therefore,  that  there  are  two  extremely  different 
classes  of  inequalities  as  they  are  called,  which  arise  from  the 
operation  of  the  disturbing  force. 

IsL  Those  which  vary  with  and  depend  on  the  configura- 
tion of  the  disturbed  and  disturbing  bodies  with  relation  to 
the  central  body,  taking  into  the  account  not  only  their  re- 
lative directions  as  seen  from  the  central  body,  and  their 
varying  distance  from  each  other,  but  also  their  varying  dis- 
tances from  the  central  body,  owing  to  the  elliptic  form  of  their 
orbits. 

These  inequalities  necessarily  pass  through  all  their  phases, 
complete  their  periods,  and  recommence  the  same  succession  of 
changes,  when  the  disturbed  and  dbturbing  bodies  have  passed 
through  all  their  possible  varieties  of  configuration ;  and,  conse* 
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qtiently,  tbdr  several  periods  must  be  less  than  the  interval 
within  which  this  succession  of  configurations  is  completed. 

These  are  denominated  periodic  msQUALmsa. 

2nd.  Those  which  arise  from  the  accumulation  of  the  residual 
phenomena  already  mentioned^  as  being  in  some  cases  uneztin* 
guished  by  the  opposite  effects  of  the  positive  and  negative 
components  of  the  disturbing  force,  acting  during  that  interval 
of  time  within  which  the  bodies  assume  all  their  possible 
varieties  of  configuration.  It  will  appear  hereafter  that  these 
residual  phenomena  are  generally  of  very  small  value, — so  small 
as  to  be  rarely  sensible  to  observation  until  they  have  been 
allowed  to  accumulate  for  a  long  succession  of  periods. 

It  is  therefore  evident  that  these  latter  inequalities  are 
incomparably  slower  in  their  progressive  development  than  the 
former,  and  consequently  the  intervals  of  time  within  which 
they  complete  their  changes  are  proportionally  more  pro« 
tracted.     These  have  accordingly  been  denominated  seoulab 

•INEQUALITIES. 

It  must  not,  however,  be  imagined  that  these  are  less 
really  periodic  than  the  former.  The  only  difference  in 
that  respect  between  the  two  classes  of  phenomena  is  in  the 
length  of  their  periods.  Where  those  of  the  former  may  be 
expressed  by  years,  those  of  the  latter  will  be  expressed  by 
centuries. 


CHAP.  XXL 

LUNAB  THEORY. 


8185.  Lunar  theory  an  important  case  of  the  problem  of  three 
bodies. — The  most  remarkable  example,  and  in  many  respects 
the  most  interesting,  of  the  application  of  the  principles  ex- 
plained in  the  last  Chapter  for  the  solution  of  the  problem  of 
three  bodies,  is  unquestionably  that  which  is  presented  by  the 
the  lunar  theory,  in  which  the  central  body  s  is  the  earth,  the 
disturbed  body  p  the  moon,  and  the  disturbing  body  h  the 
sun. 

This  application  of  the  theory  of  perturbations  is  interesting, 
m.  SB 
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not  80  mudh  bedause  of  the  physical  importance  of  the  fnoon^ 
as  bjscause,  by  the  proximity  of  that  body,  perturbations  pror 
duced  upon  it  become  conspicuously  observable,  which  in  any 
Other  body  of  the  solar  system  would  be  inappredable  bj 
reason  of  its  remoteness. 

The  lunar  perturbations,  moreorer,  present  another  feature  of 
interest,  as  compared  with  those  of  the  planets,  by  reason  of 
the  comparative  shortness  of  their  cycles, — phenomena,  which,  in 
the  case  of  the  planets,  require  a  succession  of  ages  to  complete 
their  periods,  passing,  in  the  case  of  the  moon,  through  all 
their  phases,  and  returning  upon  themselves,  in  the  course  of  a 
few  years. 

3186.  It  supplies  striking  proof  of  the  truth  of  the  theory  of 
gravitation. —  But  transcendantly  the  most  interesting  and 
important  circumstance  attending  the  lunar  theory  is,  the  re- 
markable evidence  it  has  afforded  in  support  of  the  theory  of 
gravitation.  The  perturbations  of  the  lunar  motions  being, 
for  the  most  part,  of  considerable  magnitude,  and  recurring 
after  short  intervals,  were  observed,  and  the  laws  of  many  of 
them  ascertained,  at  a  very  early  epoch  in  the  progress  of 
astronomical  science,  and  long  before  the  discovery  of  gravita- 
tion had  disclosed  their  physical  causes.  Several  of  these 
phenomena  were  explained  by  the  illustrious  author  of  that 
theory,  some  perfectly,  others  imperfectly;  and  those  whicl^ 
remained  unexplained  or  imperfectly  explained  by  him  have 
since  been  fully  and  satisfactorily  accounted  for,  upon  the 
principles  which  form  the  foundation  of  his  physical  theorv. 

3187.  The  sun  alone  sensibly  disturbs  the  moon. — The  only 
body  in  the  system,  which  produces  a  sensible  disturbing  effect 
upon  the  moon,  is  the  sun  ;  for  although  several  of  the  planets 
when  in  opposition  or  inferior  conjunction,  come  within  less 
distances  of  the  earth,  their  masses  are  too  inconsiderable  to 
produce  any  sensible  disturbing  effect  upon  the  moon's  motion. 
The  mass  of  the  sun,  on  the  contrary,  is  comparatively  so  pro- 
digious that,  although  the  radius  of  the  moon's  orbit  bear^ 
60  small  a  ratio  to  the  sun's  distance,  and  although  lines  drawn 
from  the  sun  to  any  part  of  that  orbit  may  be  regarded  as 
sensibly  parallel,  the  difference  between  the  forces  exerted  bj 
the  sun  upon  the  moon  land  earth,  so  far  from  being  insensible, 
produces  on  the  contrary  those  perturbations  which  it  is  our 
purpose  in  the  present  Chapter  to  explain. 

3188.  Lines  of  syzygy  and  ^adrature, -^  Let  s,  Ji(^.  835., 
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Fig.  835. 


represent  the  place  of  the 
earth ;  p,  p,  p,  &c,  represent- 
ing successive  positions  of  the 
moon  in  its  orbit,  which,  for 
the  present^  we  shall  consider 
to  be  circular.  I^t  o  o  b# 
that  diameter  of  the  lunar 
orbit  which  is  directed  to  th6 
sun,  c  being  the  point  of  con*- 
junction,  and  o  the  point  of 
opposition.  Let  P4  s  p'4  be 
drawn  through  s  at  right 
angles  to  o  c ;  the  points  P4  p'^ 
will  then  be  the  points  of 
quadrature. 

The  line  o  o  is  called  the 
LINE  OF  STZYGiES;  and  the 
line  P4  p'4  the  line  of  quad- 

RA.TUHE8. 

We  shall,  for  the  present, 
consider  onlj  that  component 
of  the  sun's  disturbing  force 
which  is  in  the  plane  of  the 
moon's  orbit ;  and  shall,  there- 
fore, speak  of  the  sun  as  if  it 
were  placed  in  the  prolonga- 
tion of  the  line  sc. 


The  xhoon  being  supposed  to  move  sjnodicallj  in  the  di- 
rection c  Pi  P2,  &c.,  we  shall  distinguish  0  P4  as  the  first  qua- 
drant, P4  o  as  the  second,  o  p'4  as  the  third,  and  p'4  c  as  the  fourth 
quadrant  of  the  synodic  revolution. 

3189.  Direction  of  the  disturbing  force  of  the  sun.  —  If  we 
suppose  the  moon  at  any  point,  such  as  p^  in  the  first  quadrant, 
and  if  we  draw  Pi  y,  at  right  angles  to  s  c,  the  direction  of  the 
sun's  disturbing  force  acting  at  Pi  will  be  found  by  taking  s^i, 
=  3  syi,  and  drawing  P|  Xi  which  will  then  be  the  direction  of 
the  disturbing  force. 

To  prove  this,  we  have  to  observe  that  Pj  and  y'j  may  be  con- 
sidered as  equally  distant  from  the  sun.  Let  their  common 
distance  be  expressed  by  z,  and  let  the  sun's  distance  from  s  be 
expressed  by  r',  and  the  moon's  distance  by  r, 

xK  2 
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We  shall  then  by  tlie  formula  [2]  (8174.)  have 

8a?i  =  sjfix(l+l+^) 

But  Binoe  the  mooo^s  distance  bears  an  insignificant  propor- 
tion to  that  of  the  snn^  being  only  a  400th  part  of  it,  we  maj 

consider  zssr^  and  oonsequentlj  ^  =  1,    and    therefore    we 


as  r  ana  oonsequenu/ 
shall  have 


Whatever,  therefore,  may  be  the  synodic  position  of  the 
moon,  this  supplies  an  easy  and  simple  method  of  determining 
the  direction  of  the  sun's  disturbing  force  upon  it.  Thus,  if  the 
moon  be  at  p  3,  draw  p  i  y »  at  right  angles  to  s  c,  and  let 
8X3  =  ds^s  and  the  line  p^  x^  will  be  the  direction  of  the 
disturbing  force  at  Pj. 

It  is  evident  that,  as  the  moon  approadies  its  western  qua- 
drature, the  distance  of  the  perpendicular  Pf^a,  Psy^  &c,  from 
8  constantly  diminishes  ;  and,  therefore,  the  distance  8x^  6x^  &c. 
which  is  always  three  times  that  distance,  also  constantly  dimi« 
nishes,  so  that  the  point  where  the  direction  of  the  disturbing 
force  meets  the  line  of  syzygies,  constantly  approaches  s,  as  the 
moon  approaches  P4;  and  when  the  moon  arrives  at  p^,  the 
perpendicnlar  on  o  c  passes  through  s.  When  the  moon  arrives 
at  its  western  quadrature,  the  disturbing  force  of  the  sun  is 
therefore  directed  along  the  line  P4  s  to  the  earth.  After  the 
moon  passes  the  western  qoadrature,  and  moves  through  the 
second  quadrant,  the  perpendiculars  p'sy's.  ^%!^%f  ^i  y'l.  ^c, 
meet  the  line  of  syzygies  above  8  ;  and  as  the  moon  advances  the 
distance  of  y„  ^2*  ^v  *c.>  ^«>™  ^  constantly  increases.  Now, 
the  direction  of  the  disturbing  force  being  still  determined  by 
the  same  principle,  it  will  in  all  cases  meet  the  line  of  syzygies 
at  a  point  above  s,  at  a  distance  from  s  always  three  times  the 
distance,  sy,,  8^^,  s^],  he  Thus,  when  the  moon  takes  suc- 
cessively the  positions  p',,  p'29  P'l,  hc^  the  disturbing  force 
takes  successively  the  directions  p',  ae'^  p',  a/,,  p'l  j/i,  &c. 

Without  pursuing  these  considerations  further,  it  will  be 
evident  that,  in  moving  through  the  first  quadrant,  the  direction 
of  the  disturbing  force  intersects  the  line  of  syi^gies  below  s; 
and  in  moving  through  the  second  quadrant^  intersects  it  above 
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i ;  and  the  same  reasoning  will  show  that,  in  moving  ihrough 
the  fourth  quadrant^  the  disturbing  force  intersects  the  line  of 
fijzjgies  below  s  in  the  same  manner  as  in  the  first  quadrant ; 
and  in  moving  through  the  third  quadrant,  it  intersects  it  above 
8  in  the  same  manner  as  in  the  second  quadrant ;  and  it  is  fur* 
ther  evident,  that  at  corresponding  points  in  the  third  and 
fourth  quadrants  the  direction  of  the  disturbing  force  intersects 
the  line  of  syzjgies  at  the  same  points  as  in  the  second  and  first 
quadrants. 

3190.  Points  where  the  disturbing  force  is  wholly  radial 
and  wholly  tangential.  —  From  what  has  been  explained  it 
appears,  that  the  disturbing  force  at  quadratures  being  directed 
to  the  earth,  is  wholly  radial  and  positive. 

It  is  easy  to  show  that  at  syzygies  it  is  also  wholly  radial, 
but  negative ;  for  at  this  place  the  sun's  attraction  is  ob* 
viously  at  right  angles  to  the  tangents  of  the  moon's  orbit  at 
c  and  o,  and  as  the  whole  attraction  is  thus  perpendicular  to 
the  tangent,  and  the  disturbing  force  is  equal  to  the  difference 
of  the  attracting  force  exerted  by  the  sun  upon  the  moon  and 
upon  the  earth,  it  is  clear  that  the  disturbing  force  is  also  per- 
pendicular  to  the  tangent,  and  therefore  radial,  since  the  moon's 
orbit  is  here  assumed  to  be  sensibly  circular. 

To  determine  the  points  at  which  the  disturbing  force  of  the 
sun  assumes  the  direction  of  a  tangent  to  the  moon's  orbit,  let 
Pj  be  that  point  in  the  first  quadrant.  We  shall  then  have  the 
angle  8P9  x^  =  90^,  and  consequently 

and  consequently, 

^%y%-  .  /y%x%^   /i 

But 

:^«=tan.P,sc=y^ 

And  it  appears  by  the  trigonometrical  tables  that  the  angle 
whose  tangent  is  V2  is  54**  44'  7". 

Thus  it  follows  that  the  synodic  position  of  the  moon  in  the 
first  quadrant  at  which  the  disturbing  force  is  wholly  tangentia), 
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acting  in  the  direction  Ps^rj  against  the  moon's  motion,  is  at 
the  distance  of  54®  44'  7"  from  conjunction.* 

It  will  follow  in  the  same  manner,  that  the  disturbing  force 
in  the  second  quadrant  will  be  wholly  tangential  at  a  point  p't 
whose  distance  from  opposition  o  is  54®  44'  T' ;  and,  in  like 
manner,  it  will  be  tangential  at  points  in  the  third  and  first 
quadrants  which  are  at  like  distances  from  opposition  and  con-* 
junction. 

Thus  it  appears  that  in  the  synodic  orbit  of  the  moon  there 
lu*e  four  points,  viz.,  opposition,  conjunction,  and  quadratures, 
at  which'  the  sun's  disturbing  force  is  wholly  radial,  being 
directed  from  the  earth,  and  therefore  negative  at  opposition, 
and  conjunction,  and  directed  towards  it,  and  therefore  positiire 
at  quadratures ;  and  four  other  points  at  distances  of  54®  44'  7" 
on  either  side  of  opposition  and  conjunction,  at  which  it  is  wholly 
tangential,  being  in  the  direction  of  the  moon's  motion  and 
therefore  positive  in  the  second  and  fourth  quadrants,  and 
contrary  to  the  moon's  motion  and  therefore  negative  in  the 
first  and  third  quadrants. 

.  3191.  Intensities  of  the  disturbing  forces  at  syzygies  and 
quadratures, — Let  the  intensity  of  the  disturbing  force  at 
conjunction  be  d',  at  opposition  d",  and  at  quadratures  d. 

If  we  take  the  radius  of  the  moon's  orbit  as  the  unit,  the 
distance  of  the  sun  from  the  moon  in  quadrature  will  be  400^ 
jn  conjunction  399,  and  in  opposition  401,  and  the  sun's  at- 

traction  upon  the  moon  in  these  three  positions  will  be  j^^^ 

8  8.-  .  * 

^^^  and  -TpTT^  \  and  since  the  disturbing  force  at  conjunction 

and  opposition  are  the  difierences  between  the  whole  attractions 
exerted  by  the  sun  upon  the  moon  and  upon  the  earth,  we  shall 
have, 

The  disturbing  force  d  exerted  at  P4  will  be  to  the  sun*8 
entire  attraction  as  P48  is  to  the  distance  of  the  earth  from 

■  ♦  Sir  John  Henchel  gives  for  this  angle  the  value  64°  14'  which  ia  cer- 
tainly erroneous.— See  Outlines  of  Astronomy,  page  434,  edit.  1849. 
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the  sun,  or,  what  is  the  same,  as  r  to  r',  and  consequently  we 
ahall  have. 


D=: 


/« 


r 

"7 


X~=8X  ^=8 


1 

400« 


and,  consequently,' 


D  =  00000000156  X  s. 


It  appears  from  these  values  of  b',  b",  and  d,  that  the 
three  radial  disturbing  forces  exerted  by  the  sun  upon  the 
moon  at  conjunction,  opposition,  and  quadrature,  are  in  the 
following  proportion, 


d':d":d::  63: 62: 31-2. 


Thus  it  appears  that  the  disturbing  force  at  conjunction  is 
greater  than  at  opposition  in  the  proportion  of  63  to  62,  and 
that  the  negative  disturbing  force  at  syzygies  is  about  double 
the  positive  disturbing  force  at  quadratures. 

In  other  words,  it  appears  that  the  disturbing  force  of  the 
Bun  acts  against  the  moon's  attraction  upon  the  earth  at  con* 
junction  more  energetically  than  at 
opposition,  in  the  proportion  of  63  to 
62  ;  and  that,  in  both  cases,  its  action 
in  diminishing  the  earth's  attraction 
on  the  moon  is  twice  as  great  as  its 
action  in  increasing  the  earth's  attrac- 
tion upon  it  in  quadratures. 

3192.  The  sun's  disturbing  force 
at  equal  angles  with  syzygy  varies  in 
the  direct  ratio  of  the  moon's  distance 
from  the  earth.  —  It  is  easy  to  show 
that  if  the  moon's  distance  from  the 
earth  be  supposed  to  vary,  while  the 
sun's  distance  remains  the  same,  and 
still  bears  a  high  ratio  to  the  moon's 
distance,  the  sun's  disturbing  force 
will  vary  in  the  direct  ratio  of  the 
moon's  distance  at  equal  angular  dis- 
tances from  syzygy. 

Let  p  and  p'  fig.  386.  represent  the 
moon  at  two  different  distances,  s  p, 
and  ap',  from  the  earth*    To  find  the 

EB  4 
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lines  representing  the  disturbing  force  at  p  and  p',  draw  p  jr 
and  p'  y^  at  right  angles  to  the  line  drawn  from  s  to  the  sun, 
and  let  8a?  =  3  sy,  and  8;r^=:d  By^,  and  draw  the  lines  p  x  and 
p'  x\  These  two  lines  will  then  represent  in  quantity  aad  di- 
rection the  disturbing  forces  of  the  sun  upon  the  moon  at  p 
and  p'. 

But  it  is  evident,  since  bx  is  three  times  sy,  and  sx^  ia 
three  times  sy^,  that  the  lines  tx  and  p'x^  are  parallel,  and 
are  therefore  proportional  to  sp  and  sp';  that  is,  the  disturb- 
ing  forces  at  p  and  p^  are  proportional  to  the  distances  of  the 
moon  from  the  earth  at  these  two  points. 

It  will  be  seen  hereafter  that  this  principle  is  attended  with 
some  important  consequences  in  the  lunar  theorj. 

8193.  Analysis  of  the  varicUions  of  sign  of  the  components 
of  the  disturbing  force  during  a  synodic  period,  — From  what 
has  been  explained  in  the  preceding  paragraphs,  it  will  be 
easy  to  trace  the  successive  changes  of  direction  and  sign  of 
the  radial  and  tangential  components  of  the  disturbing  force 
of  the  sun,  during  an  entire  lunation  or  synodic  period  of  the 
moon. 

Let  cflg.  837.  represent  the  position  of  the  moon  in  conjunc- 
tion ;  Oy  its  position  in  opposition  ;  p^,  its  position  in  western, 
and  p^s,  in  eastern  quadrature* 

Let  Pi  be  its  position  in  the  first  quadrant  when  the  radial 
component  vanishes,  and  the  whole  disturbing  force  is  tangen- 
tial, this  point  being  at  the  distance  of  54°  44^  T''  from  c.  Let 
P3,  p',,  and  p'l  be  the  corresponding  points  in  the  second,  third, 
and  fourth  quadrants. 

From  what  has  been  already  explained  it  appears  that,  the 
disturbing  force  at  c  being  at  right  angles  to  the  tangent,  the 
tangential  component  is  nothing  ;  and  since,  through  the  first 
quadrant  c  p^,  the  direction  of  the  disturbing  force  forms  an 
obtuse  angle  with  the  direction  of  the  moons  motion,  its  tan- 
gential component  will  be  in  a  direction  contrary  to  the  moon's 
motion,  and  it  will  therefore  be  negative.  This  component 
vanishes  at  P2>  where  the  whole  disturbing  force  becomes  radial, 
and  therefore  at  right  angles  to  the  tangent,  and  after  passing 
P2,  the  direction  of  the  disturbing  force  forming  an  acute  angle 
with  the  direction  of  the  moon's  motion,  the  tangential  compo- 
nent is  in  the  direction  of  the  moon's  motion,  and  therefore 
positive  \  and  continues  to  be  positive  throughout  the  second 
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Fig.  837. 

quadrant  until  the  moon  arriyes  at  opposition  o»  where  the  dis- 
turbing force  again  becomes  radial,  and  being  at  right  angles 
to  the  tangent,  the  tangential  component  vanishes.  After 
passing  o,  the  disturbing  force  forms  an  obtuse  angle  with  the 
direction  of  the  moon*s  motion,  and  its  tangential  component 
is  therefore  contrary  in  direction  to  the  motion  of  the  moon, 
and  consequently  negative. 

It  continues  negative  through  the  third  quadrant  until,  the 

moon  arriving  at  p^,  the  direction  of  the  disturbing  force  be- 

g  radial  and  at  right  angles  to  the  tangent,  and  the  tan« 

ntial  component  again  vanishes.     After  passing  this  point 

\    disturbing  force  forms  an  acute  angle  with  the  direction  of 

moon's  motion,   and  its  tangential  component  therefore 

.  Iq  the  direction  of  such  motion  is  positive,  and  continues 
Vve  throughout  the  fourth  quadrant  until  it  vanishes  at 

^Th  3  it  aPP®*''^  ^^^^  *^®  tangential  component  is  negative  in 
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the  first  and  third  quadrants,  throughout  which  it  has  therefore 
a  tendency  to  retard  the  moon's  motion ;  and  that  it  is  positiire 
in  the  second  and  fourth  quadrantsi  throughout  which  therefore 
it  has  a  tendency  to  accelerate  the  moon's  motion. 

Let  us  now  trace  the  changes  of  direction  and  sign,  which 
affect  the  radial  component  of  the  disturhing  force* 

It  has  been  already  shown  that  at  conjunction  the  radial  com- 
ponent is  negative,  and  therefore  directed  from  the  earth.  This 
circumstance  arises  from  the  fact  that  the  sun's  attraction  on 
the  moon  at  c,  is  greater  than  its  attraction  upon  the  earth  at  s, 
and  the  disturbing  force  being  the  excess  of  the  attraction 
towards  the  sun  at  c,  above  the  attraction  towards  the  sun  at  s, 
is  directed  from  s.  As  the  moon  moves  from  o  to  P|  the  direc* 
tion  of  the  disturbing  force  lies  outside  the  tangent,  and  conse- 
quently its  radial  component  is  directed  from  s  and  is  therefore 
negative.  It  gradually  decreases  from  c  to  P|»  because  the 
angle  under  the  disturbing  force  and  the  tangent  gradually 
decreases.  This  angle  vanishes  at  P|,  where  the  disturbing 
force  coincides  with  the  tangent,  and  where  therefore  its  radial 
component  vanishes.  Thus  it  appears  that  the  radial  com- 
ponent which  is  negative  at  o,  continually  decreases  from  c  to 
Pi  where  it  issO. 

After  passing  P|,  the  direction  of  the  disturbing  force  falling 
within  the  tangent,  its  radial  component  is  directed  towards  s, 
and  is  therefore  positive ;  and  the  angle  which  the  direction  of 
the  disturbing  force  makes  with  the  tangent,  increasing  from 
Pi  to  Ps,  the  radial  component  continually  increases  until  at  p, 
the  direction  of  the  disturbing  force  being  at  right  angles  to 
the  tangent,  the  whole  disturbing  force  becomes  radial  After 
passing  p,,  the  angle  under  the  direction  of  the  disturbing  force 
and  the  tangent  again  becomes  acute,  and  the  radial  component 
being  positive,  decreases  and  continues  to  decrease  until  at  p, 
the  angle  under  the  direction  of  the  disturbing  force  and  the 
tangent  vanishes,  and  there  accordingly  the  radial  component 
also  vanishes,  the  whole  disturbing  force  being  tangentiaL 

After  passing  P3,  the  direction  of  the  disturbing  force  falling 
outside  the  tangent,  the  radial  component  is  again  directed  from 
the  centre,  and  is  therefore  negative ;  and  the  angle  under  the 
disturbing  force  and  the  tangent  continually  decreajses  until  the 
moon  arrives  at  opposition  o,  where  it  becomes  a  right  angle, 
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and  the  wliole  disturbing  force  becoming  radial,  is  directed 
from  8,  and  is  therefore  negatiye.  After  passing  opposition, 
the  angle  under  the  disturbing  force  and  the  tangent  again  be- 
comes acute  and  continually  diminishes,  and  therefore  the  radial 
component  continually  decreases,  being  still  negative  until  at 
p^3  the  angle  under  the  direction  of  the  disturbing  force  and 
the  tangent  vanishes,  the  whole  disturbing  force  becoming  tan- 
gential,  and  the  radial  component  being  therefore  s  0«  After 
passing  p'^  the  direction  of  the  disturbing  force  again  falls 
within  the  tangent,  and  from  p',  to  p'j  it  forms  an  acute  angle 
with  the  tangent  which  continually  increases  until  at  p^,  ^^  ^'^ 
comes  a  right  angle.  The  radial  component  therefore,  from  p', 
to  p's,  is  positive  and  continually  increases  until  at  p's  ^^^  whole 
disturbing  force  is  radial.  After  passing  p'^*  ^^^  direction  of 
the  disturbing  force  again  forms  an  acute  angle  with  the  tan- 
gent, and  the  radial  component  is  therefore  still  positive ;  and  as 
this  angle  continually  decreases,  the  radial  component  decreases 
until  the  moon  arriving  at  p'l,  the  disturbing  force  takes  the 
direction  of  the  tangent,  and  the  radial  component  is  =  0. 
After  passing  p'],  the  direction  of  the  disturbing  force  lying 
outside  the  tangent,  the  radial  component  is  directed  from  the 
earth,  and  is  therefore  negative,  and  the  angle  formed  by  the 
direction  of  the  disturbing  force  with  the  tangent  continually 
increasing,  the  negative  radial  component  continually  increases 
until  the  moon  arrives  at  conjunction  where  the  whole  disturb- 
ing force  is  negative  and  radial. 

It  appears,  therefore,  that  through  the  arcs  o  Pi  and  o  p'i, 
extending  to  54^  44'  1"  on  each  side  of  conjunction,  and  o  P3, 
o  p^,  extending  to  the  same  distance  on  each  side  of  opposition, 
the  radial  component  of  the  disturbing  force  is  negative,  being 
greatest  at  conjunction  and  opposition,  and  gradually  decreasing 
as  the  distance  of  the  moon  from  those  points  increases  until 
it  vanishes  at  the  points  Pi,  p'l,  Pj,  and  p',. 

It  appears  further,  that  throughout  the  arcs  of  the  synodic  orbit 
included  between  Pi  and  P3,  and  between  p'l  and  p'j,  which  are 
bisected  by  the  points  of  quadrature  p^  and  p^^,  the  radial  com- 
ponent of  the  disturbing  force  is  positive,  being  greatest  at  the 
points  of  quadrature  P2  and  p'2,  and  gradually  dimiinishing  from 
those  points  to  the  extreme  points  of  the  arcs  Pj  P3,  and  p'l  p'3, 
where  it  vanishes. 

Since,  therefore,  a  negative  radial  component  acts  in  anta- 
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gonism  with  the  central  attraction  of  the  earth,  tod  a  positiye 
radial  component  coincides  in  direction  with  that  attraction,  it 
follows,  that  the  radial  component  of  the  sun's  disturhing  force 
has  the  effect  of  diminishing  the  intensity  of  the  earth's  at* 
traction  throughout  the  arcs  P|  c  p'i  and  p,  o  f',  ;  and  that, 
on  the  contrary,  it  has  a  tendency  to  increase  the  earth's 
attraction  throughout  the  arcs  Pi  p,  Pj  and  p'l  p\  p',. 

The  successive  changes  of  sign  of  the  radial  component  r, 
and  the  tangential  component  ty  of  the  sun's  disturbing  force, 
are  indicated  on  ^.  837.,  in  a  manner  that  will  be  readily 
understood  after  what  has  been  explained  above. 

3194.  Effects  of  the  disturbing  force  on  the  moon*s  motion. 
The  annual  equation. — It  now  remains  to  explain  the  manner 
in  which  the  disturbing  force  of  the  sun  affects  the  moon's 
motion  and  the  form  of  its  orbit 

We  shall  first  explain  those  lunar  inequalities  which  are 
independent  of  the  elliptic  orbit ;  and,  in  doing  this,  we  shall 
regard  the  undisturbed  orbit  as  a  circle,  having  the  earth  at  its 
centre.  When  these  inequalities  have  been  explained,  we  shall 
consider  those  which  affect  the  elliptic  orbit  of  the  moon. 

After  what  has  been  explained  it  will  be  apparent,  that  the 
total  effect  of  the  radial  component  of  the  disturbing  force 
during  a  synodic  revolution,  will  be  to  decrease  the  intensity  of 
the  earth^s  attraction  upon  the  moon. 

It  has  been  already  shown  that  the  intensity  of  the  negative 
radial  component  of  the  disturbing  force  at  syzygies,  is  about 
twice  that  of  the  positive  radial  component  at  quadratures. 
It  follows  therefore,  that  at  c  and  o  the  disturbing  action  of  the 
moon  diminishes  the  earth's  attraction  twice  as  much  as  that 
by  which  the  positiye  disturbing  action  at  p^  and  p'j  increases 
it ;  and  it  will  be  apparent  that  nearly  the  same  proportion  will 
prevail  between  the  intensities  of  the  negative  action  of  the 
disturbing  force  through  the  arcs  P|  c  p^,  and  PsOp',  and  its 
positive  action  through  the  arcs  PiPjPj  and  p'jP'jP',.  It  appears, 
therefore,  that  the  intensities  of  the  positive  radial  components 
do  not  amount  to  more  than  one  half  those  of  the  negative 
radial  components  of  the  disturbing  force  during  an  entire 
synodic  period. 

But  besides  this  excess  of  intensity  of  the  negative  over  the 
positive  radial  components,  it  is  to  be  considered  that  while  the 
negative  radial  components  are  in  operation  through  four  arcs 
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of  54®  44'  T^  of  the  sjnodio  revolution,  the  positive  radial 
components  are  in  operation  onlj  through  the  four  arcs  com- 
plementary to  these,  —  that  is,  through  four  arcs  whose  mag- 
nitude is  35°  15'  53". 

The  total  effect,  therefore,  of  the  radial  components,  during 
an  entire  synodic  period,  must  be  to  diminish  the  earth's 
central  attraction  upon  the  moon,  — ^rst,  because  the  intensity 
of  the  negative  radial  components  is  greater  than  that  of  the 
positive  in  the  proportion  of  nearly  2  to  1 ;  and,  secondly^ 
because  the  total  length  of  the  arcs,  through  which  the  former 
act,  is  greater  than  that  of  the  arcs  through  which  the  latter 
act,  in  the  proportion  of  54  to  35  nearly.  The  total  effect, 
therefore,  of  the  radial  component  of  the  disturbing  force  is 
to  diminish  the  earth's  attraction  upon  the  moon.  Now  it 
appears,  from  the  general  principles  of  central  force,  which 
have  been  so  fully  explained  in  former  chapters  of  this  volume, 
that  the  angular  motion  of  a  body,  revolving  at  a  given  dis« 
tance  round  a  centre  of  attraction,  will  be  more  or  less  rapid 
according  to  the  greater  or  less  intensity  of  that  attraction. 
Whatever,  therefore,  diminishes  the  central  attraction  of  the 
earth  upon  the  moon,  must  produce  a  corresponding  diminution 
of  the  rate  of  the  moon's  mean  motion  round  the  earth.  Since, 
therefore,  the  disturbing  force  of  the  sun  diminishes  the  central 
attraction  of  the  earth,  it  necessarily  retards  the  motion  of  the 
moon  round  the  earth,  or,  what  is  the  same,  it  increases  the 
length  of  its  period. 

But  it  remains  to  be  seen  how  far  this  effect  may  be  modified 
by  the  tangential  component  of  the  disturbing  force.  Now, 
from  what  has  been  explained,  it  appears  that  the  tangential 
component  is  negative  in  the  first  and  third,  and  positive  in 
the  second  and  fourth  quadrants,  and  therefore  it  retards  the 
moon's  motion  in  the  former,  and  accelerates  it  in  the  latter, 
and  these  effects  in  the  two  quadrants  are  very  nearly  equal ; 
the  consequence  is,  that  the  contrary  effects  of  the  tangential 
force,  in  accelerating  and  retarding  the  moon's  motion,  neutral* 
ise  each  other,  and  leave  the  effect  of  the  radial  component 
unimpaired. 

It  appears,  therefore,  that  the  mean  apparent  motion  of  the 
moon  is  thus  rendered  less  by  the  sun's  disturbing  force,  than  it 
would  be  if  that  force  did  not  act ;  and  if  that  force  be  sul^ject 
to  any  variation,  it  is  obvious  that  the  mean  apparent  motion  of 
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the  moon  must  be  subject  to  a  corresponding  yaruktlon^  increas- 
ing and  decreasing  with  the  increase  and  decrease  of  the  dis- 
turbing force.  But  since  the  sun's  disturbing  force  bears  u 
certain  proportion  to  the  sun's  whole  attraction,  it  must  increase 
and  decrease  with  such  attraction.  Now,  since  the  sun's  dis- 
tance from  the  earth  yaries,  being  least  when  the  earth  is  in  peri- 
helion, and  greatest  when  it  is  in  aphelion,  and  since  the  sun's 
attraction  on  the  earth  increases  in  the  same  proportion  as  the 
square  of  the  earth's  distance  from  it  decreases,  it  follows,  that 
the  sun's  attraction  on  the  earth  and  moon,  and  therefore  its 
disturbing  force,  is  greatest  when  the  earth  is  in  perihelion^  and 
least  when  it  is  in  aphelion,  and  that  it  continually  decreases 
while  the  earth  passes  from  aphelion  to  perihelion. 

Now,  since,  from  what  has  been  just  explained,  the  mean 
apparent  motion  of  the  moon  is  diminished  by  every  increase 
of  the  sun's  disturbing  force,  it  will  follow  that  this  mean  ap« 
parent  motion  will  be  least  when  the  earth  is  in  perihelion,  and 
greatest  when  it  is  in  aphelion;  and  that  it  will  gradually 
increase  while  the  earth  is  passing  from  perihelion  to  aphelion, 
and  gradually  decrease  while  the  earth  is  passing  from  aphelion 
to  perihelion. 

If  we  suppose  an  imaginary  moon  to  revolve  round  the  earth 
uniformly  in  the  same  time  as  the  real  moon  does  variably,  the 
apparent  motion  of  this  imaginary  moon  would  be  the  mean 
apparent  motion  of  the  moon,  and  its  place  would  be  the  mean 
place  of  the  moon. 

The  diflerence  between  the  places  of  this  imaginary  moon 
and  the  true  moon,  produced  by  the  inequality  of  the  moon's 
mean  motion  which  has  been  just  explained,  is  called  the 
annual  equation^  because  this  difference  must  continually  in* 
crease  for  one  half-year,  and  diminish  for  another  half-year, 
according  as  the  true  motion  exceeds  or  falls  short  of  the  mean 
motion. 

This  inequality  or  variation  of  the  moon's  mean  apparent 
motion  was  discovered  by  observation  at  a  very  early  period 
in  the  progress  of  astronomical  science,  and  long  before  its 
physical  cause  was  disclosed  by  the  discovery  of  gravitation. 
Its  discovery  by  observation  was  due  to  Tycho  Brah^  about 
the  year  1590.  The  greatest  value  of  this  annual  equation,  or, 
what  is  the  same,  the  greatest  difference  between  the  mean  and 
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true  places  of  the  moon,  so  far  as  thej  are  affected  bj  this  cause, 
is  about  10'. 

3195.  Acceleration  of  the  moorCs  mean  motion,  —  It  might 
very  naturally  be  expected  that  a  mean  between  the  greatest 
and  least  yalues  of  the  moon's  mean  motion,  as  above  explained, 
would  be  equal  to  the  moon's  mean  motion  when  the  earth  is  at 
its  mean  distance  from  the  sun.  Thus,  if  m'  express  the  moon's 
mean  apparent  motion  when  the  earth  is  in  aphelion,  and  m"  its 
mean  apparent  motion  when  in  perihelion,  and  M  be  the  mean 
between  these,  we  shall  have 

M  =  i(M'  +  M"). 

Now,  if  m  express  the  mean  motion  of  the  moon,  subject  to 
the  disturbing  action  of  the  sun,  when  the  earth  is  at  its  mean 
distance  from  the  sun  it  might  be  expected  that  we  should  have 
^  =  M,  and  if  this  were  the  case,  m  would  necessarily  be  inva- 
riable, because,  as  will  hereafter  appear,  the  earth's  mean  dis- 
tance from  the  sun  is  subject  to  no  secular  variation,  and 
consequently  the  disturbing  force  of  the  sun  at  this  distance 
must  be  equally  invariable.  It  is  found,  however,  that  k  is  not 
only  not  equal  to  fn,  but  that  it  is  not  invariable. 

It  is  found  to  be  greater  than  m,  and  variable  in  a  manner 
depending  on  the  inequality  of  the  earth's  distances  from  the 
3un  at  the  apsides ;  the  more  unequal  these  distances  are,  the 
greater  is  k  found  to  be.  But  since  the  inequality  of  these 
distances  depends  on  the  excentricity  of  the  earth's  orbit,  and 
since  this  excentricity  is,  as  will  appear  hereafter,  subject  to  a 
slow  secular  variation,  it  follows  that  m,  or  the  moon's  mean 
apparent  motion,  is  subject  to  a  corresponding  secular  variation. 
It  will  appear  that,  for  thousands  of  years  back,  and  for  a  cor- 
responding period  to  come,  the  excentricity  of  the  earth's  orbit 
has  been,  and  will  be,  subject  to  a  slow  decrease ;  the  conse« 
quence  of  which  is,  that  the  moon's  mean  apparent  motion, 
which  increases  as  the  inequality  of  the  apsidal  distances  de- 
crease, has  been,  and  is  still,  subject  to  a  slow  secular  increase, 
which,  like  the  annual  equation,  was  discovered  as  a  fact  by 
observation  long  before  the  physical  cause  was  known,  and  was 
designated,  in  astronomical  science,  as  the  acceleration  of  the 
moon's  mean  motion. 
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Its  cause,  as  just  explained,  was  traced  to  the  secular  variatioQ 
of  the  excentricity  of  the  earth's  orbit  by  Laplace,  in  1787. 

3196.  Effect  upon  the  form  of  the  moofCe  orbit. — The  com- 
bined effect  of  the  two  components  of  the  disturbing  force  upon 
the  form  of  the  moon's  orbit,  the  undisturbed  orbit  being  sup- 
posed to  be  circular,  is  to  elongate  it  in  the  direction  of  the 
line  of  quadratures,  and  to  contract  it  in  the  direction  of  the 
line  of  syzjgies  so  as  to  convert  it  into  a  sort  of  oval,  the 
longer  axis  of  wliich  is  at  right  angles  to  the  line  of  direction 
of  the  sun.  It  consequentlj  follows,  that  as  the  earth  moTcs 
round  the  sun,  this  oval  continuallj  shifts  the  direction  of  its 
axis,  the  longer  axis  constantly  turning  so  as  to  keep  itself  at 
right  angles  to  the  radius  vector  of  the  earth. 

To  explain  this,  it  is  onlj  necessary  to  consider  the  general 
conditions  which  determine  the  curvature  of  the  path  of  a  bodj 
moving  under  the  influence  of  a  central  attraction,  and  to  com- 
pare them  with  the  components  of  the  disturbing  force  at  dif- 
ferent parts  of  the  synodic  revolution.  The  curvature  of  the 
path  of  such  a  body  depends  in  general  on  the  intensity  of  the 
central  attraction  and  the  velocity  of  the  body.  Whatever  di- 
minishes the  central  attraction  or  increases  the  velocity,  must 
diminish  the  curvature  of  the  path  of  the  body,  and  vice  versa. 
Now  it  has  been  shown  that,  throughout  two  arcs  of  the  lunar 
orbit  extending  to  54^  44'  7"  at  each  side  of  the  line  of 
syzygies,  the  radial  component  of  the  disturbing  force  is  nega- 
tive, and  therefore  diminishes  the  central  attraction,  and  con- 
sequently also  diminishes  the  curvature.  But  it  has  also  been 
shown  that  the  tangential  component  is  positive  while  the  moon 
approaches  the  syzygies,  and  negative  after  it  passes  them* 
The  motion  of  the  moon  is  therefore  accelerated  by  this  com- 
ponent until  it  arrives  at  syzygies,  and  retarded  after  it  passes 
these  points.  The  velocity  of  the  moon,  therefore,  being  most 
augmented  at  syzygies  by  the  tangential  component,  the  cur- 
vature of  its  path  is  there  diminished. 

It  appears,  therefore,  that  throughout  the  arcs  extending 
540  44/  7'/  on  either  side  of  the  syzygies,  both  components 
of  the  sun's  disturbing  force  have  a  tendency  to  diminish  the 
curvature  of  the  moon's  path. 

On  the  other  hand,  throughout  the  arcs  which  extend 
35**  15'  63"  on  each  side  of  the  quadratures,  the  radial  force, 
being  positive,  augments  the  central  attraction  of  the  earth, 
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an^  therefore  increases  the  carvatare  of  the  orhit ;  and  at  the 
same  time  the  tangential  component  of  the  disturbing  force, 
being  negative  as  the  moon  approaches  the  quadratare%  di« 
minishes  the  velocitj,  and  consequently  increases  the  corratare 
of  the  moon's  path. 

For  these  reasons,  the  cnrvatare  of  the  mocm's  orbit  is 
greatest  at  the  quadratures  and  least  at  the  sjsjgies,  which  is 
equivalent  to  stating  that  the  lunar  orbit  has  an  oval  form 
arising  from  these  causes,  the  longer  axis  of  the  oval  being  in 
the  direction  of  the  quadratures,  and  the  lesser  axis  in  the  di- 
rection of  sjzjgies. 

3197.  Moon's  variation,  —  If  the  radial  component  be  alone 
considered,  it  is  easy  to  see  that  the  moon,  moving  in  such  an 
orbit,  would  have  a  varying  angular  motion,  which  would  be 
greatest  at  sjzjgies  where  the  moon  is  nearest  the  earth,  and 
least  at  quadratures  where  it  is  most  distant  from  the  earth. 
This  will  follow  immediately  from  the  principle  of  the  equable 
description  of  areas,  which  is  never  affected  by  a  radial  dis- 
turbing force,  since  that  principle  rests  on  no  other  condition 
than  that  the  revolving  body  be  affected  only  by  a  force 
directed  to  a  fixed  centre.  It  is  clear,  from  what  has  been 
proved  in  (2614.),  that  the  angular  velocity,  varying  inversely 
as  the  square  of  the  moon's  distance  from  the  earth,  will,  in 
such  an  oval  orbit  as  has  just  been  described,  be  greatest 
where  the  distance  is  least,  —  that  is,  at  syzygies  ;  and  least 
where  the  distance  b  greatest,  —  that  is,  at  quadratures.  So 
far,  therefore,  as  relates  to  the  radial  component  of  the  dis- 
turbing force,  the  moon's  apparent  motion,  as  seen  from  the 
earth,  which  is,  in  fact,  its  angular  motion  round  the  earth, 
is  greatest  at  syzygies,  and  least  at  quadratures. 

But  if  we  take  into  account,  also,  the  effect  of  the  tangential 
component,  this  variation  of  the  apparent  motion  will  be  still 
greater.  This  component,  according  to  what  has  been  shown, 
continually  accelerates  the  moon's  motion  in  approaching  the 
syzygies,  and  continually  retards  it  in  approaching  the  quad- 
ratures, so  that,  so  far  as  depends  on  it,  the  moon's  velocity 
will  be  greatest  at  syzygies,  and  least  at  quadratures. 

Thus  the  two  components  of  the  sun's  disturbing  force  com- 
bine to  render  the  moon's  apparent  motion  greatest  at  con- 
junction and  opposition,  and  least  at  quadratures. 

This  inequality  of  the  moon's  apparent  motion,  which  passes 
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through  all  its  phases  in  the  STnodic  period/  is  called  the 
variation,  and  was  discovered  aboat  the  same  time  with  the 
annual  equation  by  Tycho  Brah& 

If  we  suppose  an  imaginary  moon  to  perform  the  synodic 
period  with  a  uniform  angular  motion,  while  the  motion  of  the 
true  moon  is  subject  to  this  alternate  acceleration  and  retarda- 
tion at  syzygies  and  qaadratures,  the  distance  between  the  two 
moons  will  be  the  variatum^  and  its  greatest  amount  will  be 
about  32^ 

3198.  Parallactic  inequality*  —  In  this  explanation,  however, 
we  have  assumed  that  the  disturbing  forces  are  equal  at  con* 
junction  and  opposition.  Now,  it  has  been  already  shown  that, 
at  these  points,  they  are  slightly  unequal, — the  disturbing  force 
at  conjunction  exceeding  that  at  opposition,  in  the  proportion 
of  about  63  to  62.  It  follows,  therefore,  that  the  effect  of  the 
disturbing  forces  will  not  be  exactly  equal  at  the  two  syzygies; 
and  a  small  inequality  is  thus,  as  it  were,  superposed  upon  the 
variation,  or,  so  to  speak,  a  variation  of  the  variation  is  pro- 
duced, which  is  called  the  parallactic  inequality, 

3199.  Inequalities  depending  on  the  elliptic  form  of  the 
lunar  orbit.  —  In  the  preceding  paragraphs  we  have  omitted 
the  consideration  of  the  elliptic  character  of  the  moon's  orbit. 
We  shall  now  explain  those  inequalities  which  depend  on  the 
varying  length  of  the  moon's  radius  vector. 

3200.  Equation  of  the  centre.  —  The  first  inequality  of 
this  class  which  we  shall  notice  is  one  which  appertains  to  the 
problem  of  two  bodies,  rather  than  that  of  three  bodies,  and 
which  has  been  already  noticed  in  relation  to  elliptic  motion 
|n  generaL  The  equable  description  of  areas  by  the  moon  in 
its  elliptic  orbit,  causes  its  angular  motion  at  perihelion  to  be 
greater  than  at  other  points;  and,  as  it  moves  from  perihelion, 
this  angular  motion  gradually  diminishes,  and  continues  to 
diminish,  until  it  arrives  at  aphelion,  where  it  is  least  From 
aphelion  to  perihelion,  on  the  contrary,  the  angular  motion 
gradually  and  continually  increases.  If  we  suppose  an  ima-* 
ginary  moon  to  move  from  perihelion  through  aphelion  back  to 
perihelion,  with  a  uniform  angular  velocity,  the  motion  of  this 
moon  would  be  the  mean  motion  of  the  moon,  its  place  the 
mean  place,  and  its  anomaly,  or  its  distance  from  perihelion, 
the  mean  anomaly ;  and  the  distance  between  this  imaginary 
moon  and  the  true  moon  is  called  the  eqtuition  of  the  centre. 
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•  Starting  from  perihelion,  the  motion  of  the  true  moon  being 
greater  than  that  of  the  imaginary  moon,  the  true  moon  is  in 
adyance  of  the  imaginary  moon,  and  it  continues  to  gain  upon 
the  imaginary  moon  to  a  certain  point,  af^er  which  the  mean 
moon  begins,  in  its  turn,  to  gain  upon  the  true  moon,  and 
oyertakes  it  at  aphelion  ;  the  distance  between  the  two  moons^ 
mean  and  true,  at  any  point,  is  the  equation  of  the  centre, 
Froip  aphelion  to  perihelion,  on  the  contrary,  the  mean  moon 
precedes  the  true  moon,  and  the  distance  between  them  in- 
creases to  a  certain  point,  after  which  the  mean  moon  begins 
to  overtake  the  true  moon,  and  does  overtake  it  on  returning 
to  perihelion. 

The  equation  of  the  centre  is,  therefore,  positive  from  peri- 
helion to  aphelion,  and  negative  from  aphelion  to  perihelion. 

3201.  Method  of  investigating  the  variations  of  the  elliptic 
elements  of  the  lunar  orbit, — After  what  has  been  explained 
in  the  present  and  preceding  chapters,  there  will  be  no  diffi- 
culty in  tracing  the  effects  produced  by  the  san*s  disturbing 
force  upon  the  magnitude,  form,  and  position  of  the  moon's 
elliptic  orbit  The  effects  produced  in  general  upon  any 
elliptic  orbit  whatever,  by  positive  and  negative,  radial  and 
tangential  disturbing  forces  (317*  et  seq,\  and  the  successive 
changes  of  direction  and  intensity  of  the  radial  and  tangential 
components  of  the  sun's  disturbing  force  acting  on  the  moon, 
as  explained  above,  being  fully  comprehended,  it  is  only  ne- 
cessary to  apply  the  general  principles  to  the  particular  case  of 
the  moon  in  order  to  explain  all  the  phenomena.  For  this 
purpose  it  will  be  necessary  to  consider  successively  the  cases 
in  which  the  moon's  perigee  assumes  every  variety  of  position 
with  relation  to  the  line  of  syzygies,  and  in  each  position  to 
investigate  the  effects  produced  upon  the  elements  of  the  in- 
stantaneous ellipse  in  the  different  positions  which  the  moon 
assumes  during  an  entire  revolution  in  its  orbit. 

3202.  Maoris  mean  distance  not  subject  to  secular  variation, 
— ^It  may  be  stated,  generally,  that  the  effects  of  the  disturbing 
force  of  the  sun  upon  the  moon*s  mean  distance  or  major  axis 
of  its  orbit  neutralise  each  other ;  the  increase  which  it  pro- 
duces on  that  element  in  some  synodic  positions  being  exactly 
compensated  by  the  decrease  it  produces  in  others. 

In  the  first  place,  it  must  be  observed  that  since  the  excen- 
tricity  of  the  lunar  orbit  is  very  small,  the  radial  component 
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produces  no  effect  on  the  moon*§  orbital  yelodtj,  and,  there- 
fore, none  upon  the  magnitude  of  its  nuyor  axis. 

The  tangential  component  being  negatiye  in  the  first  and 
third,  and  positive  in  the  second  and  fourth,  qnadrants,  di- 
minishes the  axis  in  the  former  and  increases  it  in  the  latter. 
If  it  can  be  shown  that,  on  the  whole,  the  increase  is  equal  to 
the  decrease,  it  will  follow  that  the  magnitude  of  the  meaa 


Fig.  838. 


Fig.  839. 


distance  or  major  semi- 
axis  suffers  no  ultimate 
change.  For  this  purpose 
it  will  be  necessary  to 
examine  the  effects  in  dif- 
ferent positions  of  the  lu- 
nar orbit  relatiyely  to  the 
sjzjgies  and  quadratures. 
If  the  line  of  apsides  be 
in  sjzygies,  as  represented 
in  fig.  838.,  when  perigee 
is  in  conjunction,  and  in 
fig.  839.  when  apogee  is 
in  conjunction,  the  elliptic 
orbit  will  be  divided  symmetrically  by  the  four  synodic  qua- 
drants; and,  since  the  intensity  of  the  disturbing  force  is  the 
same  at  equal  angular  distances  from  the  apsides,  it  follows  that 
in  each  case  the  diminution  of  the  mean  distance  produced  by 


Fig.  840. 
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the  tangential  component  in  the  first  and  third  quadrants  is  equal 
to  the  increase  produced  in  the  second  and  fourth  quadrants. 

If  the  apsides  be  in  quadrature,  as  represented  in  Jig.  840., 
the  same  will  obviously  be  true. 

In  these  cases,  therefore,  the  migor  axis  of  the  orbit  suffers 
no  ultimate  change  from  the  action  of  the  disturbing  force. 

But  if,  as  injig.  841.,  the  line  of  apsides  pahe  inclined  at  an 
oblique  angle  to  the  line  of  sjzjgies  o  o,  the  elliptic  orbit  will 

not  be  symmetrically  di- 
vided by  the  four  synodic 
quadrants  c  Pj,  Pj  o,  o  p'j, 
and  p'a  c,  and  in  that  case 
the  decrease  and  increase  of 
the  axis  produced  in  the 
alternate  quadrants  will  no 
longer  be  equal,  and  a  com- 
plete compensation  will  not 
as  before,  be  effected  in  a 
single  synodic  revolution. 
But  if  the  orbit  be  taken  in 
two  positions  in  which  the 
line  of  apsides  p  a  and 
^-    g4j  /)'  a'  is  equally  inclined  on 

different  sides  of  the  line  of 
gyzygies,  the  effect  of  the  disturbing  force  on  the  mean  distance 
in  a  complete  synodic  revolution  in  one  position  will  be  com- 
pensated by  the  equal  and  contrary  effect  produced  in  the  other 
position.  This  will  be  apparent  by  considering  that  the  in- 
tensities of  the  disturbing  force  at  equal  inclinations  to  the 
line  of  syzygies  are  proportional  to  the  moon*s  distance  from  the 
earth.  It  follows  from  this  that  the  effects  of  the  disturbing 
force  in  the  quadrants  cpv^  and  op'v'^  and  in  the  quadrants 
P2a  p'a  and  v^a'  p'g  are  equal,  and  in  the  same  manner  that  the 
effects  are  equal  in  the  other  corresponding  quadrants.  It  will 
therefore  be  apparent  that,  taking  the  orbit  in  the  two  positions, 
the  increase  and  decrease  which  the  major  axis  suffers  in  two 
complete  synodic  periods  are  equal,  and  that,  therefore,  the 
jnajor  axis  suffers  no  ultimate  change  of  magnitude. 

But  since,  in  the  revolution  of  the  earth  and  moon  round  the 
sun,  the  line  of  apsides  takes  successively  every  inclination  to 
the  line  of  syzygies,  it  will  necessarily  assume,  at  regular  inter- 
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val8|  the  eqaal  inclinations  at  which  the  effects  of  the  disturbing 
force  upon  the  axis  of  the  orhit  are  mutoallj  compenaatorjy  and 
it  follows,  therefore,  that  no  ultimate  decrease  of  magnitude  of 
the  axis  takes  place. 

It  remains,  therefore,  to  investigate  the  efiects  of  the  dis- 
turhiog  force  of  the  sun  on  the  other  elements  of  the  lunar 
orbit ;  that  is,  upon  the  direction  of  the  apsides,  or,  what  is  the 
same,  on  the  longitude  of  perihelion  and  Uie  excentricitj. 

As  these  effects  will  ybtj  according  to  the  yarjing  position 
of  the  line  of  apsides,  with  relation  to  the  line  of  sjzjgies,  we 
shall  consider  successively  the  variation  of  each  of  the  elements 
during  a  synodic  revolution  of  the  moon,  when  the  apsides  are 
in  sjzygies,  in  quadratures,  and  between  these  points. 

First  Case, 
when  pebigee  is  in  conjunction. 

3203.  Motion  of  the  apsides, — Let  the  lines  P]  p',  and  i/i  p^ 
be  drawn,  making  angles  of  54^  44^  7''  with  the  line  of 
syzygies  c  o,yf^.  838.  Let  us  consider,  first,  the  effect  of  the 
radial,  and  secondly,  the  effect  of  the  tangential  component 

First.  The  radial  component,  being  negative  while  the 
moon  moves  through  the  arcs  p'l  c  p,,  and  Pj  o  p',  (3193.),  a 
regressive  motion  will  be  imparted  to  the  apsides  in  the  former 
and  a  progressive  motion  in  the  latter  (3193.). 

The  same  component  being  positive  while  the  moon  moves 
through  the  arcs  Pi  P3  and  p'3  p'l,  a  progressive  motion  will  bo 
imparted  to  the  apsides  in  p^  Pj  and  p'j  p'i,  and  a  regressive 
motion  in  Pj  Pj  and  p',  p'j. 

To  determine  the  effect  produced  upon  the  apsides  during  the 
whole  synodic  revolution,  it  will  be  necessary  to  take  into  ac- 
count the  varying  intensity  of  the  disturbing  force  in  these 
several  arcs. 

Since,  at  equal  inclinations  to  the  line  of  syzygies,  the 
intensity  of  the  disturbing  force  is  in  the  direct  ratio  of  the 
moon*s  distance  from  the  earth  (3192.),  it  is  evident  that 
its  effect  through  the  arc  PsOp's  will  be  greater  than  its 
effect  through  the  arc  p\  cP|,  and  that  its  effect  through  the 
arcs  PgPa  and  P^aP'a  will  also  be  greater,  though  in  a  much 
less  degree,  than  its  effect  through  the  arcs  PiP^  and  p'^p^^ 
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But  besides  the  greater  inteDsitj  of  the  disturbing  force 
throughout  the  arc  P2  0p's>  its  effect  is  augmented  by  the 
slower  motion  of  the  moon  supplying  a  longer  interval  for  its 
fiction. 

It  follows,  therefore,  that  the  progressive  motion  imparted  ta 
the  apsides  while  the  moon  moves  from  p,  to  v^^  is  much 
greater  than  the  regressive  motion  imparted  while  it  moves 
from  p'l  to  P; ;  and  that  the  regressive  motion  imparted  while 
it  moves  through  the  arcs  P2P»  and  p',  p',  very  little  exceeds 
the  progressive  motion  imparted  while  it  moves  through  the 
arcs  Pj  Pj  and  p'i  p'l. 

The  consequence  is,  that,  in  a  complete  synodic  revolution, 
the  progressive  motion  considerably  exceeds  the  regressive; 
ftnd  therefore,  on  the  whole,  the  apsides  are  moved  forward. 

Secondly.  The  tangential  component  being  negative  from 
c  to  P2  and .  from  o  to  p'3,  and  positive  from  Pj  to  o  and 
from  o  to  p's,  it  imparts  a  regressive  motion  to  the  apsides 
from  p'l  to  Pi,  from  Pj  to  P3,  and  from  p',  to  p',,  and  a  pro* 
gressive  motion  from  Pg  to  p'3,  from  p'j  to  p'l,  and  from  Pj  to 
Pa  (3193.) 

It  may  be  shown,  as  in  the  former  case,  that  the  progressive 
motion  in  a  complete  synodic  revolution  exceeds  the  regressive 
motion,  and,  therefore,  that  on  the  whole  the  tangential  com* 
ponent  imparts  a  progressive  motion  to  the  apsides. 

It  follows,  therefore,  that  when  perigee  is  in  conjunction,  the 
disturbing  force  of  the  sun,  acting  during  a  complete  synodi<; 
revolution  of  the  moon,  causes  the  line  of  apsides  to  move 
forward  in  the  direction  of  the  sun's  motion,  so  that,  at  the 
end  of  a  synodic  revolution,  the  longitude  of  perigee  will  be 
greater  than  it  was  at  its  commencement,  —  the  longitude  of 
that  point,  however,  having  during  such  revolution  alternately 
increased  and  decreased. 

3204.  Effects  on  the  excentricity.  —  To  ascertain  the  vari- 
ation of  the  excentricity  of  the  lunar  orbit,  produced  by  the 
sun's  disturbing  force  in  the  same  position  of  the  apsides,  we 
shall,  as  before,  consider,  first,  the  effect  of  the  radial,  apd, 
secondly,  that  of  the  tangential  component. 

First.  The  radial  component  being  negative  from  p'l  to  pj 
and  from  P3  to  p'3,  and  positive  from  Pi  to  P3  and  from 
p'3  to  p'l,  it  follows,  that  it  will  cause  the  excentricity  to  iut 
urease  from  c  to  p^  and  from  P3  to  o,  and  to  decrease  from 
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Pi  to  Ps>  while,  in  the  other  half  of  the  sjnodic  reyoliiti<Miy  it 
will  caase  it  to  decrease  from  o  to  p's  and  from  Pt  to  o»  and 
to  increase  from  f',  to  p'l  (8198.).  Now  it  is  evident  that 
the  effects  of  the  distorhing  force  through  the  arcs  c  Ph 
Pi  p„  and  p,  a,  are  respectivelj  equal  to  its  effects  through 
the  arcs  OF^i»  P^iP^t»  and  p^^o,  and  therefore  that  the  in- 
crements and  decrements  which  the  excentricity  receirea 
daring  a  complete  sjnodic  revolution  are  equal,  and  tluit  so 
far  as  depends  on  the  radial  component  of  the  distnrhing  forces 
it  suffers  no  ultimate  yariation. 

Secondly.  Since  the  tangential  component  is  n^atiye  in  the 
first  and  third  and  positive  in  the  second  and  fourth  quadnmts, 
it  will  folio Wy  from  what  has  heen  proved  (3156.X  ^^^  ^^ 
component  will  cause  the  excentricitj  to  decrease  throughout 
the  first  and  second  and  to  increase  throughout  the  third  and 
fourth  quadrants. 

But  it  will  he  evident,  from  the  same  reasoning  as  has  heen 
used  in  the  former  case,  that  the  intensity  of  the  disturbing 
force  in  the  first  and  second  quadrants,  being  respeetivdj 
equal  to  its  intensity  in  the  fourth  and  third,  the  decrease 
of  the  ezcentricity  in  the  first  quadrant  will  be  equal  to  its 
increase  in  the  fourth,  and  its  decrease  in  the  second  quadrant 
will  be  equal  to  its  increase  in  the  third ;  the  consequence  of 
which  will  be  that,  in  a  complete  revolution,  the  excentricity 
will  sufier  no  change  from  the  operation  of  the  tangential  com- 
ponent of  the  disturbing  force. 

It  follows,  therefore,  that  when  the  moon's  perigee  ie  in 
conjunction,  the  excentricity  of  its  orbit,  at  the  end  <^  each 
synodic  revolution,  will  be  the  same  as  at  the  beginning,  but 
that  during  such  revolution  it  will  alternately  increase  and 
decrease  within  certain  narrow  limits. 

Sboond  Casb. 

WHEN  PERIQEE  IS  IN  OPPOSITION. 

8205.  Motion  of  the  apsides,  —  As  before,  let  the  lines  P|  p's 
and  p'l  P3  fig.  839.  be  drawn,  making  angles  of  54''  44'  7"  with 
the  line  of  syzygies  c  o^  and  let  us  consider,  first,  as  in  the 
former  case,  the  effect  of  the  radial,  and  secondly,  the  effect 
of  the  tangential,  component. 

First.   The  radial  component  being  negative^  while  the  moon 
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moves  from  p'l  to  Pj  and  from  p,  to  p',,  a  progressive  motion 
will  be  imparted  to  the  apsides  in  the  former,  and  a  regressive 
motion  in  the  latter  (3193.)  The  same  component  being 
positive,  while  the  moon  moves  from  Pi  to  P3,  and  from  p'j  to 
p^i,  a  r^ressive  motion  will  be  imparted  to  the  apsides  from 
P]  to  P9  and  from  p'a  to  p'l,  and  a  progressive  motion  from 
P]  to  P3  and  from  P%  to  p^^  ;  and  it  will  appear  by  the  same 
reasoning  as  in  the  former  case,  that  the  total  effect  through 
the  arcs  in  which  the  motion  is  progressive,  will  exceed  con<* 
siderably  the  total  effect  through  the  arcs  in  which  the  motion 
is  regressive,  and  therefore  that  the  effect  of  the  radial  com<« 
ponent  during  a  complete  synodic  revolution  will  be,  to  carry 
forward  the  line  of  apsides. 

Secondly,  The  tangential  component  being  negative  in  the 
first  and  third,  and  positive  in  the  second  and  fourth  quadrants^ 
it  will  impart  a  progressive  motion  to  the  apsides  from  p^,  ^  ^21 
and  a  regressive  motion  from  P9  to  t\  (3193.), 

It  will  follow,  as  in  the  former  case,  that  the  progressive 
motion  arising  from  this  component  in  a  complete  synodic  revo« 
lution  exceeds  the  regressive  motion.  It  follows  thereforei 
precisely  as  in  the  former  case,  that  when  perigee  is  in  oppo^ 
sition,  the  sun's  disturbing  force,  during  a  complete  synodic 
revolution,  gives  a  progressive  motion  to  the  line  of  apsides^ 
that  line  however,  during  such  revolution,  receiving  an  altert 
pate  motion  of  progression  and  regression  within  certain  limits* 

3206.  Effects  on  the  excentricity. — These  effects  may  be 
explained  by  reasoning  precisely  similar  to  that  used  in  the 
former  case. 

First.  The  radial  component  being  negative  from  p'l  to  P| 
and  from  P3  to  p'3,  and  positive  from  Pi  to  P3  and  fVom  p'3  to 
p'l,  it  will  cause  the  excentricity  to  decrease  from  c  to  Pj  and 
from  p,  to  o,  and  to  increase  from  P|  to  p,  ;  while  in  the  other 
half  of  the  synodic  revolution,  it  will  cause  it  to  increase  from 
o  to  p',  and  from  t\  to  c,  and  to  decrease  from  p',  to  p'l 
(3193.);  and  it  is  evident,  as  before,  that  the  effects  in  each  half 
orbit  being  compensatory,  no  ultimate  variation  is  produced  by 
this  component  upon  the  excentricity  in  a  complete  synodic 
revolution. 

Secondly.  The  effects  of  the  tangential  component  are,  in  like 
manner,  shown  to  be  compensatory  in  this  case  by  reasoning  so 
completely  similar  to  the  former  that  it  need  not  be  repeated. 
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Thibd  Case, 
when  the  apsides  are  in  quadrature. 

8207.  Motion  of  the  apsides, — Let  the  lines  P|  p',  and  p'j  p^ 
fig,  840.,  as  before,  be  dniwn,  making  angles  of  54°  44'  7"  with 
the  line  of  syzjgies  co.  We  shall,  as  in  the  former  case, 
consider  first  the  effect  of  the  radial,  and  secondly  that  of  the 
tangential  component. 

First,  The  radial  component  being  negative  from  p'j  to  Pi 
and  from  p,  to  p'„  and  positive  from  P|  to  p,  and  from  p'j  to 
p'l,  it  follows  that  a  regressive  motion  will  be  imparted  to  tlie 
apsides  while  the  moon  moves  from  c  to  P|,  from  p,  to  o^  and 
from  p',  to  p'l,  and  that  a  progressive  motion  will  be  imparted 
to  it  in  the  intermediate  arcs,  that  is  from  P|  to  p„  from  o  to 
pV  and  from  v\  to  c. 

But,  from  the  principle  already  so  often  referred  to,  in  virtoe 
of  which  the  intensity  of  the  disturbing  force  at  eqnal  incli- 
nations to  the  line  of  syzygies  is  proportional  to  the  distance  of 
the  moon  from  the  earth,  it  will  be  evident  that  the  total  effect 
of  the  radial  component  in  imparting  a  regressive  motion  to 
the  apsides  from  p^,  to  p'l  will  be  much  greater  than  its  total 
effect  in  imparting  a  progressive  motion  from  Pi  to  p,,  while 
the  difference  of  its  effects  in  the  other  arcs  will  be  compara- 
tively smalL  It  will  follow,  therefore,  that  after  an  entire 
revolution  the  effect  of  this  component  in  imparting  regression 
will  greatly  predominate  over  its  effect  in  imparting  pro« 
gression,  and  that,  on  the  whole,  the  apsides  will  be  made  to 
regress. 

Secondly.  The  tangential  component  being,  as  before,  ne« 
gative  in  the  first  and  third,  and  positive  in  the  second  and 
fourth  quadrants,  it  will  impart  to  the  line  of  apsides  a  pro- 
gressive motion  through  the  arc  c  p^  o,  and  a  regressive  motion 
through  the  arc  op'jC  (3168). 

It  is  evident,  as  before,  that  in  this  case  the  regressive  effects 
predominate  over  the  progressive,  and  that,  therefore,  the 
effect  of  this  component  throughout  a  complete  synodic  rero* 
lution  is  to  impart  to  the  apsides  a  regressive  motion. 

8208.  Effect  on  the  excentricity, — We  shall,  as  before,  first 
consider  the  effect  of  the  radial,  and  secondly  of  the  tangential 
component. 
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It  will  appear,  from  what  has  been  already  explained 
(3163  )y  that  the  radial  component  being  positive  from  P|  to 
p,  and  from  p*,  to  p'p  the  excentricity  will  increase  from  Pi 
to  Pj  and  from  p'a  to  p'l,  and  will  decrease  from  p,  to  p,  and 
from  p',  to  p's ;  and  the  radial  component  being  positive  from 
p,  to  p'a  and  from  p'l  to  p^  the  excentricity  will  increase 
tbroughoat  the  former  and  decrease  throughout  the  latter  arc. 

If  then  the  several  area  of  the  ellipse  in  which  the  excentri- 
city increases  be  compared  with  those  in  which  it  decreases^ 
they  will  be  found  to  be  perfectly  equal  and  symmetrical,  so 
that  the  intensity  of  the  radial  components  which  produce 
increase  will  be  equal  on  the  whole  to  those  which  produce 
decrease,  consequently  the  effects  of  this  component  on  the 
excentricity  will  be  compensatory. 

Secondly.  Since  the  tangential  component  is  negative  in 
the  first  and  third,  and  positive  in  the  second  and  fourth  quad- 
rants, it  will  follow  from  what  has  been  explained  (3163.), 
that  the  excentricity  will  continually  increase  through  the  some 
ellipse  Ps  o  p^^,  so  that  here  again  the  effects  of  the  component 
are  compensatory^ 

It  follows,  therefore,  that  when  the  line  of  apsides  is  in  quad* 
rature,  the  excentricity  at  the  end  of  a  complete  synodic  revo- 
lution is  precisely  what  it  was  at  the  commencement,  suffering, 
nevertlieless,  variations  of  increase  and  decrease  during  such 
revolution. 

3209.  The  motion  of  the  apsides  greater  in  syzygies  than  in 
quadrature. — ^It  has  been  already  shown  (3191.)  that  the  in- 
tensity of  the  disturbing  force  directed  from  the  earth  when 
the  moon  is  in  syzygies,  is  twice  as  great  as  its  intensity  di- 
rected to  the  earth  when  in  quadrature* 

So  far,  therefore,  as  depends  on  the  radial  component,  it  may 
be  inferred  that  the  progressive  motion  imparted  to  the  apsides 
when  in  syzyzies,  will  be  greater  than  the  regressive  motion 
imparted  to  them  in  quadrature. 

But  if  the  effect  of  the  tangential  component  on  the  line  of 
apsides  in  quadrature  be  compared  with  its  effect  in  syzygies,  it 
will  be  found  to  be  nearly  the  same.  The  effect,,  therefore,  of 
the  greater  intensity  of  the  radial  component  not  being  affected 
by  that  of  the  tangential,  the  progressive  motion  imparted  by 
the  disturbing  force  to  the  apsides  in  syzygies  is  found  to  be 
greater  than  the  regressive  motion  imparted  to  them  in  quad- 
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ratare ;  In  fact  it  is  found  that  in  each  sjnodic  revolution*  of 
the  moon,  when  the  apsides  are  in  syzjgies,  a  progresaive  mo-* 
tion  of  11^  is  imparted  to  them,  while  the  repressive  motion 
imparted  to  them  in  each  synodic  revolation  when  in  quadra^ 
ture  is  only  9*^.  If  then  two  such  synodic  revolutions  be  com* 
pared,  one  in  syzyg^es  and  the  other  in  quadrature,  the  result  will 
be  a  progression  of  the  apsides  amounting  to  11°  —  9^=2^. 

Several  circumstances  attending  the  moon's  motion  combine 
in  producing  this  difference  in  the  effects  of  the  apsides  in  the 
two  positions.  The  synodic  motion  of  the  moon  is  slower  at 
apogee  tlian  at  perigee  in  the  ratio  of  9  to  13 ;  that  is  to  say, 
while  the  moon  departs  from  the  sun  at  perigee  through  13^,  it 
Will  depart  at  apogee  through  only  9°.  The  consequence  of 
this  is,  that  the  slower  synodic  motion  at  apogee  leaves  a 
longer  time  for  the  operation  of  the  sun's  disturbing  force  upon 
the  earth  than  at  perigee*  Thus,  this  force  is  not  only  more 
energetic  at  apogee  than  at  perigee,  since  its  intensity  is  pro* 
portional  to  the  mean  distance  from  the  earth,  but  the  more 
intense  force  acts  for  a  longer  time. 

When  perigee  is  in  conjunction,  the  motion  of  the  apsides 
being  progressive,  and  at  the  rate  of  11^  in  each  synodic 
revolution,  while  the  progressive  motion  of  the  sun  in  the 
same  time  is  about  27%  it  follows  that,  in  each  synodic  revo* 
lution,  the  sun  will  depart  from  perigee  through  a  distance  of 
27**-ll^  =  16% 

But  when  the  sun  is  in  quadrature,  the  regressive  motion 
of  the  apsides  in  each  revolution  being  9%  while  the  pro* 
gressive  motion  of  the  sun  is,  as  before,  27%  the  sun  and 
perigee  will  depart  from  each  other,  in  each  synodic  revolution, 
through  27**  +  9**  =  36^ 

It  appears,  therefore,  that  the  separation  of  the  sun  and 
perigee,  in  each  synodic  revolution  when  perigee  is  in  syzygies, 
is  greater  than  when  it  is  in  quadrature,  in  the  proportion  of 
36  to  16,  or  9  to  4. 

It  is  evident  from  this,  therefore,  that  another  cause  operates 
in  favour  of  the  more  continued  action  of  the  disturbing  force 
in  producing  a  progressive  motion  in  syzygies  than  in  pro* 
ducing  a  regressive  motion  in  quadratures^  inasmuch  as,  from 
what  has  been  just  explained,  the  sun  separates  itself  from 
the  position  favourable  to  the  action  of  the  disturbing  force 
more  than  twice  as  rapidly  in  quadratures  than  in  syzygies* 
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Fourth  Case* 
when  the  apsmes  abb  oblique  to  the  line  op  syztgie8. 

3210.  Motion  of  the  apsides. —  It  has  been  shown  that 
when  the  apsides  are  in  Bjzjgy  the  disturbing  force  imparts  to 
them  a  progressive  motion  at  the  rate  of  about  11°  in  each 
synodic  revolution,  and  that  when  they  are  in  quadrature  it 
imparts  to  them  a  regressive  motion  at  the  rate  of  about  9°  in 
each  synodic  revolution.  It  might  therefore  be  expected,  that 
if  the  line  of  apsides  assume  successively  increasing  inclinations 
with  the  line  of  syzygies,  from  (P  to  90°,  the  progressive  mo« 
tion  of  IP  imparted  to  the  apsides  at  syzygies  would  gradually 
decrease,  and  at  some  intermediate  incHnation  between  0^  and 
90°  would  become  nothing,  after  which  the  motion  imparted  to 
the  apsides  becoming  regressive,  would  gradually  increase  until 
it  becomes  9°  in  each  synodic  revolution,  when  the  line  of 
apsides  is  in  quadrature. 

If  the  conditions  which  determine  the  effect  of  each  compo- 
nent of  the  disturbing  force  upon  the  direction  of  the  line  of 
apsides,  in  relation  to  that  of  syzygies,  be  clearly  fixed  in  the 
mind,  the  student  will  have  no  difficulty  in  seeing  that  this  in 
fact  will  be  the  case.  For  this  purpose,  it  is  only  necessary  to 
draw  the  elliptic  orbit  with  its  major  axis  inclined  to  the  line  of 
syzygies  at  successively  increasing  angles,  and  to  examine  and 
compare  carefully  the  different  effects  produced  by  each  compo- 
nent of  the  disturbing  force  upon  the  moon  at  different  elonga- 
tions from  the  sun,  in  each  position  of  the  apsides  in  relation  to 
Byzygy,  It  will  be  found  that  when  the  line  of  apsides  makes 
A  very  small  angle  with  the  line  of  syzygies,  the  effect  of  the 
disturbing  force  is  very  little  less  than  at  syzygies,  and  that,, 
accordingly,  a  progressive  motion  is  imparted  to  the  apsides, 
very  little  less  than  11°;  and  on  the  other  hand,  that  when  the 
line  of  apsides  makes  with  that  of  syzygies  an  angle  but  little 
less  than  90°,  the  regressive  motion  imparted  to  the  apsides  is 
little  less  than  9°. 

It  will  not  be  necessary  here  to  multiply  the  details  of  this 
analysis,  by  going  through  the  particulars  of  all  such  cases ;  but 
it  may  be  useful  to  illustrate  the  mode  of  investigating  them,  by 
showing  the  effects  of  the  disturbing  force  on  the  line  of  apsides, 
ivhen  that  line  is  inclined  to  that  of  syzygies  at  the  angle  o^ 
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540  44/  ^//^  ^^  which  the  effects  of  the  disturbing  force  in 
imparting  progressive  and  regressive  motion  to  the  apudes  are 
compensatorj,  or  nearly  so,  and  where,  therefore,  the  apsides  at 
the  end  of  a  synodic  revolution  have  the  same  direction  as  at 
its  commencement. 

3211.   fFhen  the   moon's  perigee  is  54**  44'  7"  be/are    the 
point  of  conjunction. — Let  c  o,  fig.  842.,  be  the  li  ne  of  syzjrgles,  c 

being  the  point  of  con- 
junction when  the  moon's 
perigee  p  is  54**  44'  T'  be- 
fore it,  and  when,   conse- 
quently, the  apogee  a  is  at 
the  same  angular  distance 
from  the  point  of   oppo- 
sition  o.      The    line    of 
apsides  will  then  coincide 
with   the  line  which  in 
the    preceding    diagrams 
has   been  marked  p,  p'j, 
and  the  line  m  n  passing 
through  s  at  right  angles 
**    *  •  to  the  line  of  apsides,  will 

lie  in  advance  of  the  line  p',  p„  which  is  inclined  to  the  line 
of  syzygies  on  the  other  side  of  it  at  the  angle  54°  44'  7". 

We  shall  consider,  ^r«/,  the  effect  of  the  radial,  and  secondly ^ 
of  the  tangential  component. 

First,  From  what  has  been  already  proved  (} 
that  a  positive  radial  component  will  render  tli 
sive  while  the  moon  passes  from  m  to  n,  and  \ 
it  passes  from  n  to  m,  and,  consequently,  that 
component  will  produce  a  contrary  effect.    By 
with  the  conditions  which  determine  the  chan^ 
radial  component,  explained  in  the  present  cli 
easily  inferred,  that  the  apsides  will  be  progi 
moon  moves  from  p  to  p„  from  m  to  p'j,  and  from  p',  to  «,  and 
that  they  will  be  regressive  while  the  moon  moves  through  the 
area  Pj  m,  a  p'j,  and  n  Pj ;  and  it  will  be  easy  to  perceive  that  the 
aggregate  length  of  these  arcs  is  not  only  nearly  equal,  but 
that  their  distances  from  s  are  nearly  the  same,  consequently 
the  extent  of  the  orbit  through  which  the  radial  component 
renders  the  apsides  progressive,  is  nearly  equal  to  that  through 
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wliich  it  renders  it  regressive.  The  effects  of  this  component 
are  therefore  compensatory. 

Secondly.  It  appears  from  what  has  been  proved  (3163.) 
that  a  positive  tangential  component  renders  the  apsides  pro- 
gressive while  the  moon  moves  from  p  to  Oy  and  regressive 
while  it  moves  from  a  to  p,  and  that  a  negative  tangential 
component  has  contrary  effects.  By  combining  these  with 
what  has  been  proved  of  the  changes  of  sign  of  the  tangential 
component  in  the  present  chapter,  it  will  be  easy  to  infer  that 
this  component  will  render  the  apsides  progressive  from  Pq  to 
o,  from  a  to  p'l,  and  from  c  to  />,  and  regressive  from  p  to  P3, 
from  o  to  a,  and  from  p'3  to  c ;  and  by  comparing  these  arcs 
as  before,  it  will  be  obvious  that  they  are  nearly  equal  in 
length  and  at  nearly  equal  distances  from  s*^  and  that  conse- 
quently the  effects  of  this  component  of  the  disturbing  force 
are  also  compensatory. 

It  follows  therefore,  generally,  that  in  this  position  of  the 
moon's  perigee  no  motion  is  imparted  to  the  line  of  apsides  in 
a  complete  synodic  revolution,  but  that  alternate  motions  of 
progression  and  regression  of  equal  total  amount  are  imparted 
to  it  during  such  revolution. 

3212.  When  the  moons  perigee  is  54®  44'  7"  behind  the  point 
of  opposition, — This  case  is  represented  in^^.  843.,  the  moon's 

apogee  being  the  same  dis* 
tance  behind  the  point  of 
conjunction  c. 

We  shall,  as  in  the  former 
case,  consider,  Jirsty  the  ef- 
fect of  the  radial,  and  sS' 
condfy,  that  of  the  tangen- 
tial component. 

First.  Upon  the  same 
pnnciples  as  were  applied 
in  the  preceding  case,  it 
will  follow  that,  by  the 
effect  of  the  radial  com- 
ponent, the  apsides  will  be 
xijf.  o«o.  progressive  while  the  moon 

moves  from  m  to  p'3,  from  p'j  to  »,  and  from  p'l  to  P3,  and 
regressive  while  the  moon  moves  from  P3  to  m,  from  p',  to  p'i 
and  from  n  to  Pj ;  and,  as  before,  if  these  arcs  be  compared 
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both  as  to  length  and  distance  from  S,  it  will  be  found  tbat  the 
effects  of  this  component  on  the  lines  of  apsides  are  compen- 
aatorj. 

Secondly.  By  the  same  principles  as  before,  it  will  follow- 
that,  bj  the  effect  of  the  tangenUal  component,  the  apsides  will 
be  progressive  while  the  moon  moves  from  p,  to  o,  from  p',  to 
p'l,  and  from  c  to  p^,  and  regressive  while  the  moon  moves  from 
9»  to  p  2,  from  p'l  to  C,  and  from  p^  to  p^  ;  and,  as  before,  it  will 
be  apparent  by  comparing  these  arcs  that  these  effects  on  the 
apsides  are  compensatory. 

It  follows  therefore,  as  before,  that  in  this  case  the  disturbing 
force,  in  a  complete  synodic  revolution,  produces  no  change  in 
the  position  of  the  line  of  apsides,  and  that  this  line  oecillates 
with  an  alternate  progressive  and  regressive  motion  during 
such  revolution. 

3213.   When  perigee  is  54**  44'  7"  before  the  point  of  oppo- 

tiiion In  this  case,  which  is  represented  in  ^.  844.,  the 

point  of  apogee  will  le 
at  the  same  angular  dis- 
tance before  the  point  of 
conjunction  c. 

First.  In  the  same  man- 
ner as  in  the  former  case, 
it  will  be  apparent  that  by 
the  effects  of  the  radial 
component  the  line  of  ap* 
sides  will  be  progressive 
from  p'j  to  p'l,  from  m  to 
Pj,  and  from  p^  to  Tt,  and 
regressive   from  n  to  p',, 

^.     ^ ,  ^  from  p'l  to  m,  and  from  p, 

Fig.  844.  ^  J     •     .1 

to   P3;    and,   in  the  same 

manner  as  before,  the  effects  through  these  arcs  will  be  shown 

to  be  compensatory. 

Secondly.  In  the  same  way  it  follows  that  by  the  effects  of 
the  tangential  component  the  apsides  will  be  rendered  pro- 
gressive while  the  moon  moves  from  o  to  p'„  from  p'g  to  c,*  and 
from  P]  to  P3,  and  that  they  will  be  regressive  while  it  moves 
from  Pj  to  o,  from  p',  to  v'^  and  from  c  to  p^  ;  and  it  will  ap« 
pear  as  before  that  the  effects  are  compensatory. 

It  follows,  therefore,  in  general,  as  in  the  former  cases, 
that  in  this  position  of  perigee  the  line  of  apsides  suffers  no 
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change  of  direction  from  the  action  of  the  disturbing  force 
after  a  complete  synodic  revolution,  but  that,  during  such 
revolution  as  before,  it  oscillates  on  either  side  of  its  mean 
position. 

.    3214.   PFhen  perigee  is  54*"  44'  7"  behind  conjunction- — In 

this  case,  which  is  repre- 
sented in  ^.  845.,  the  line 
of  apogee  is  at  the  same 
angular  distance  behind  the 
point  of  opposition. 

First.  By  the  effects  of 
the  radial  component  the 
apsides  will  be  rendered 
progressive  while  the  moon 
moves  from  Pj  to  w,  from; 
p'j  to  p'l,  and  from  m  to  Pi,, 
and  regressive  while  it 
moves  from  Pi  to  Pj,  from 
n  to  p'y  and  from  p'j  to  m  ; 
*^'  ®*  *  and,  as  before,  it  may  be 

shown  that  the  effects  in  these  cases  respectively  are  com- 
pensatory. 

Secondfy.  By  the  effects  of  the  tangential  force  it  appears, 
in  like  manner,  that  the  apsides  will  be  rendered  progressive 
from  o  to  p'a,  from  p^,  to  c,  and  from  p,  to  Pj,  and  regressive 
from  p,  to  o,  from  p'^  to  p'l,  and  from  c  to  P2 ;  and  that,  in 
like  manner,  these  effects  are  compensatory. 

It  follows,  therefore,  that  in  this  position  of  the  moon's 
perigee  no  effect  is  produced  by  the  disturbing  force  upon  the 
direction  of  the  line  of  apsides  after  a  complete  synodic  revo- 
lution, but  that  line,  as  before,  during  such  revolution  oscillates 
on  the  one  side  and  on  the  other  of  its  mean  position. 

3215.  Summary  of  the  motions  of  the  apsides,  —  After  what 
has  been  explained  above,  the  motion  of  the  line  of  apsides  in 
all  its  positions  with  relation  to  the  line  of  syzygies  may  be 
easily  inferred.  It  must  be  remembered  that  the  lines  of 
syzygies  and  apsides  being  both  affected  with  a  mean  pro- 
gressive motion,  that  of  syzygies,  however,  being  much  moro 
rapid  than  that  of  apsides,  it  will  follow  that  the  line  of 
syzygies  after  each  successive  synodic  revolution  will  gain 
upon  the  line  of  apsides^  advancing  constantly  before  it. 
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Let  us  then  imagine,  first,  that  the  moon's  perigee  is  in  con* 
janctioD. 

The  line  of  apsides  will  then,  according  to  what  has  been 
proved,  after  one  sjnodic  revolution  be  affected  by  a  progressive 
motion.  After  the  next  synodic  revolution  the  line  of  sjz7gie& 
will  have  advanced  before  that  of  apsides,  and  the  progressive 
motion  imparted  to  the  latter  will  be  less  than  befoie,  and  after 
each  successive  synodic  revolution  the  line  of  sjsjgies  ad** 
vancing  further  and  further  in  advance  of  the  line  of  apsides, 
the  progressive  motion  imparted  to  the  latter  will  become  1^ 
and  less  until  the  line  of  syzjgies  having  advanced  to  the 
distance  of  54^  44^  T'  from  the  line  of  apsides  the  progressive 
motion  ceases,  and  the  line  of  apsides  becomes  stationary. 

After  this,  the  line  of  sysygies  advancing  to  a  still  greater 
angular  distance  from  the  apsides,  the  motton  imparted  after 
each  revolution  to  the  latter  becomes  regressive,  and  its  re* 
gressive  amount  increases  every  successive  synodic  revolutiofr 
until  the  line  of  apsides  comes  into  qaadrmtore,  when  the  re« 
gressive  motion  of  the  apsides  produced  in  a  complete  synodic 
revolution  becomes  a  maximum.  After  this  when  the  line  of 
syzygies  has  advanced  more  than  90°  from  the  line  of  apsides 
the  regressive  motion  imparted  in  each  revolution  becomes 
less  and  less  until  the  line  of  apsides  has  approached  within 
54**  44'  V  of  opposition,  when  the  regressive  motion  vanishes 
and  the  line  of  apsides  again  becomes  stationary  ;  after  this  it 
becomes  progressive,  the  amount  of  its  progressive  motion  con- 
tinually increases  until  the  point  of  perigee  comes  into  opposi-- 
tion,  where  it  is  a  maximum.  While  perigee  passes  successively 
from  opposition  to  conjunction  the  same  variations  of  the  mo* 
tion  of  the  apsides  takes  place,  but  in  a  contrary  order. 

Thus  it  appears  that  the  arc  of  each  synodic  revolution 
through  which  the  disturbing  force  produces  a  progressive 
effect  is  54**  44'  7'  x  2  =  109**  28'  14%  while  the  arc  through 
which  it  produces  a  regressive  motion  is  only  35*"  15' 53"  x  2= 
70®  31'  46*.  The  predominance  of  the  progressive  over  the 
regressive  effect  results  therefore  from  the  greater  range 
though  which  the  former  is  produced,  combined  with  the  fact, 
that  within  this  range  the  intensity  of  the  disturbing  force  is 
equal  to  twice  its  intensity  through  the  shorter  arc,  over  which 
the  motion  is  regressive. 

8216.  i;fftcU  qfthe  disturbing  force  upon  ike  tjeeentriei^.-^ 
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It  remains  now  to  examine  the  effects  produced  upon'  the  ex* 
centricitj  of  the  moon's  orbit  by  the  disturbing  force  when  the 
line  of  apsides  has  the  same  positions. 

It  has  been  already  shown,  that  when  the  line  of  apsides  is 
in  syzygies  and  quadratures,  the  effects  of  the  disturbing  force 
upon  the  excentricity  arc  compensatory,  and  that  this  element 
at  these  points  undergoes  no  cliange  of  magnitude.  If,  there* 
fore,  it  be  subject  to  no  variation,  it  is  plain  that  at  these  points 
it  must  be  either  a  maximum  or  a  minimum,  since  it  is  neither 
on  the  incre-ase  or  decrease. 

3217.  fVhen  perigee  is  54**  44'  7"  be/ore  the  paint  of  con- 
Junction.  —  We  shall  consider  as  before,  ^r«<;  the  effects  of  the 
radial,  and  iecondlyy  those  of  the  tangential  component  npon 
the  excentricity. 

Fint,  It  appears  from  what  has  been  proved,  that  a  positive 
radial  componait  will  cause  the  excentricity  to  diminish,  while 
the  moon  moves  from  perigee  to  apogee,  and  to  increase  while 
it  moves  from  apogee  to  perigee,  and  that  a  negative  radial 
component  will  have  a  contrary  eff*ect.  It  will  follow,  there- 
fore, in  this  case  by  combining  this  principle  with  the  con*, 
ditions  determining  the  change  of  sign  of  the  radial  component 
explained  in  the  present  chapter,  that  it  will  cause  the  excen* 
tridty  to  increase  while  the  moon  moves  from  P3  to  p'l,  fig. 
842^  and  to  decrease  while  it  moves  from  p'l  to  Pj.  But  it  will 
be  evident  by  comparing  the  lengths  of  these  two  arcs,  and  their 
distances  from  s,  that  the  effect  of  the  disturbing  force  will  be 
tnuch  greater  in  the  former  than  in  the  latter,  and  conse- 
quently, that  the  increase  of  the  excentricity  in  the  former 
must  greatly  exceed  the  decrease  in  the  latter,  and  therefore, 
that  the  eff*ect  of  the  radial  component  in  an  entire  synodic  re- 
volution will  be  to  increase  the  excentricity. 

Secondly.  It  appears  from  what  has  been  explained  that 
the  effect  of  a  positive  tangential  component  will  be  to  de- 
crease the  excentricity  while  the  moon  moves  from  m  to  ft,  and 
to  increase  it  while  it  moves  from  it  to  m,  and  that  a  negative 
tangential  component  will  have  contrary  effects.  By  combin« 
ing  this  with  the  changes  of  sign  explained  in  the  present 
chapter,  it  virill  follow  that  the  excentricity  will  be  increased 
while  the  moon  moves  from  p^  to  m,  from  o  to  p*s«  <^^  ^tom  n 
to  c,  and  that  it  will  be  decreased  while  it  moves  from  c  to  p^^ 
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from  in  to  o^  and  from  p'^  to  n,  and  by  comparing  tliese  arcs 
both  with  relation  to  their  extent  and  their  dUtance  from  s,  it 
will  be  apparent  that  the  increase  of  the  excentricity  must  ex*. 
ceed  the  decrease,  and  that  consequently  the  result  of  a  whole 
synodic  period  will  be  to  cause  the  excentricity  to  increase. 

It  appears,  therefore,  that  both  components  of  the  disturbiog 
force  in  this  position  of  the  line  of  apsides  will  cause  the  excen- 
tricity to  increase  during  each  synodic  revolution,  being  subject 
nevertheless  during  such  revolution  to  alternate  increase  and 
decrease. 

3218.  When  perigee  is  54?  44'  7"  behind  opposition. — First. 
'By  the  effects  of  the  radial  component  it  may  be  shown,  as 
l>efore,  that  the  excentricity  will  constantly  increase  while  the 
moon  moves  from  Pj  to  Pj',^.  843.,  and  will  continually  decreasei 
while  it  moves  from  p,'  to  P|,  and  it  will  be  obvious,  from  consi- 
dering the  magnitude  of  these  arcs  and  their  distances  from  s, 
that  tlie  decrease  of  the  excentricity  will  considerably  exceed 
the  increase ;  and  that,  therefore,  this  component  of  the  dis«. 
turbing  force  will,  during  an  entire  revolution,  cause  the  excen* 
tricity  to  decrease. 

Secondly,  By  the  effects  of  the  tangential  force,  it  may  be 
shown,  as  before,  that  the  excentricity  will  be  increased  while 
the  moon  moves  from  p,  to  o,  from  mXov'^  and  from  c  to  % 
and  that  it  will  be  decreased  while  the  moon  moves  from  n  to 
P2,  from  o  to  m,  and  from  i?\  to  c,  and  by  comparing  these  arcs 
it  will  be  obvious  that  the  total  decrease  will  exceed  the  total 
increase. 

It  results  therefore  from  this,  that  both  components  of  the 
disturbing  force  in  this  position  of  perigee  causes  the  excen- 
tricity to  decrease  in  a  complete  synodic  revolution. 

3219.  When  perigee  is  54**  44'  7^'  before  opposition, — r 
First,  It  may  be  shown  as  before,  that  the  radial  component 
will  cause  the  excentricity  continually  to  increase  while  the  moon 
moves  from  p^i  \jQ^t,fig.  844.,  and  to  decrease  continually  while 
it  moves  from  p,  to  p'l,  and  by  comparing  these  arcs  as  before,  it 
will  be  apparent  that  the  increase  greatly  exceeds  the  decrease^ 
and  therefore,  so  far  as  relates  to  the  radial  component,  the 
excentricity  during  each  synodic  revolution  will  suffer  an 
increase. 

Secondly.  —  By  the  effects  of  the  tangential  component,  the 
excentricity  will  in  trease  while  the  moon  moves  from  c  to  Pt> 
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from  n  to  o  and  from  p'^  to  m,  and  will  decrease  while  it  moves 
from  p  2  to  It,  from  o  to  p'2  ^^^  from  m  to  c,  and  by  comparing 
these  arcs  as  before,  it  .will  be  apparent  tbat  the  increase  will 
exceed  the  decrease. 

It  follows,  therefore,  that  the  effect  of  both  components  in  thia 
position  of  the  apsides  during  an  entire  synodic  revolution  is  to 
cause  the  excentricity.to  increase. 

3220.  When  perigee  is  54°  44'  7"  behind  conjunction.  — 
First,  In  this  case  it  may  be  shown  that  the  radial  component 
will  cause  the  excentricity  to  decrease  while  the  moon  moves 
from  Pi  to  p'3,  ^.  845.,  and  to  increase  while  it  moves  from  p', 
to  P],  and  by  comparing  these  arcs,  it  will  appear,  as  before, 
that  the  decrease  will  greatly  exceed  the  increase,  and  that 
therefore  on  the  whole  in  each  synodic  revolution  the  radial 
component  will  cause  the  excentricity  to  decrease. 

Secondly.  By  the  effect  of  the  tangential  force,  the  excentri- 
city will  increase  while  the  moon  moves  from  m  to  P,,  from  o  ta 
n,  and  from  p'2  to  c,  and  will  decrease  while  it  moves  from  p, 
to  o,  from  n  to  p'3  and  from  c  to  m,  and  by  comparing  these 
arcs  as  before,  it  will  be  apparent  that  the  decrease  will  exceed 
the  increa;»e. 

It  follows,  therefore,  that  the  result  of  the  whole  disturbing 
force  in  this  position  of  the  apsides  is  to  cause  a  decrease  of  the 
excentricity  in  each  synodic  revolution. 

3221.  Extreme  and  mean  values  of  excentricity.  It  appears 
therefore  generally,  that  when  perigee  is  in  conjunction,  the 
excentricity  does  not  vary,  and  that  as  the  point  of  conjunction 
recedes  from  perigee,  the  excentricity  decreases,  and  continues 
to  decrease  until  the  point  of  conjunction  is  90°  from  perigee, 
when  the  excentricity  again  becomes  stationary,  its  decrease 
ceasing.  When  the  conjunction  advances  more  than  90°  from 
perigee,  the  excentricity  again  increases  and  continues  to  in- 
crease until  the  point  of  conjunction  has  moved  180°  before 
perigee,  when  the  increase  ceases.  After  this,  the  excentricity 
again  decreases,  and  continues  to  decrease  until  the  point  of 
conjunction  gains  another  quadrant  on  perigee,  when  the  in- 
crease ceases  and  the  decrease  commences,  which  is  continued 
through  another  quadrant.  It  appears,  therefore,  that  the 
excentricity  is  a  maximum  when  the  apsides  are  in  quadrature, 
and  a  minimum  when  they  are  in  conjunction,  and  that  conse- 
quently it  gradually  increases  while  the  apsides  move  from  con-^ 
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janction  to  quadrature,  and  gradually  decreases  while  thej  moTe 
from  quadrature  to  coi^  unction. 

If  ^  express  the  value  of  the  excentricity  while  the  apsides 
are  in  quadrature,  and  e^  their  value  when  in  conjunction,  the 
mean  value  being  e,  it  is  found  that 

e' : « :  ^'=  1-60 : 1-25 :  i-oo; 

so  that  the  extreme  range  of  variation  of  the  excentricitjr  <rf 
the  moon's  orbit  is  as  3  to  2. 


BFF£CT8  OF   THE  DISTURBING  FORCE  UPON   THE   LUN^R   NOI>B8 
AND  INCLINATION. 

From  what  has  been  proved  in  general  (3158.  et  seq,\  it  will 
appear  that  when  the  moon  is  less  distant  than  the  earth  from 
the  sun,  the  orthogonal  component  of  the  disturbing  force  will 
have  a  tendency  to  draw  it  out  of  the  plane  in  which  it  is 
moving  towards  the  side  on  which  the  sun  is  placed,  and  that 
when  the  moon  is  more  distant  than  the  earth  from  the  sun, 
the  orthogonal  component  will  have  a  tendency  to  draw  it  out 
of  the  place  in  which  it  moves  to  the  side  opposite  to  the  san. 

But  it  has  also  been  proved  that  the  nodes  will  have  a  prx>- 
gressive  or  regressive  motion  according  to  the  direction  of  the 
orthogonal  force  in  the  successive  quadrants  of  its  orbit  be- 
tween node  and  node. 

It  will,  therefore,  be  necessary  to  consider,  successively,  the 
effects  of  the  disturbing  force  in  the  various  positions  which 
the  lines  of  syzygies  and  quadratures  may  assume  with  relation 
to  the  line  of  nodes. 


First  Case* 

3222.  When  the  line  of  syzygies  is  in  the  line  of  nodes. 
—  In  this  case,  it  is  evident  that  the  orthogonal  component 
of  the  disturbing  force  will  be  nothing,  since  the  whole  attrac« 
tion  of  the  sun  is  in  the  plane  of  the  moon's  orbit,  and,  con- 
sequently, no  part  of  the  attraction  can  act  at  right  angles  to 
that  plane* 
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Second  Case. 

3223.     When  the  line  of  nodes  is  in  quadrature.  —  Let 
▲COA  (Jig.  846.)  represent  the  moon's  orbit,  and  ADA  the 


ecliptic  seen  in  its  own  plane  and  projected  into  a  straight  line. 
Let  A  be  the  ascending  and  d  the  descending  node,  and  let  the 
points  of  syzygies  be  supposed  to  be  at  c,  and  o  the  points  of 
tlie  moon*s  orbit  most  distant  from  the  ecliptic,  while  the  points 
of  quadrature  Pj  and  p/  are  at  the  nodes  a  and  D. 

It  has  been  already  shown,  that  when  the  moon  is  in  quad* 
ratures  the  whole  disturbing  force  is  radial,  and  being  directed 
to  the  sun  and  in  the  plane  of  the  moon's  orbit,  it  can  have 
no  component  perpendicular  to  that  plane,  and  therefore  the 
disturbing  force  at  these  points  can  have  no  tendency  to  change 
the  plane  of  the  moon's  orbit. 

While  the  moon  moves  from  a  through  0  to  D,  its  distance 
from  the  sun  being  less  than  that  of  the  earth,  and  the  sun  being 
supposed  to  be  below  the  plane  of  the  orbit,  the  orthogonal 
component  of  the  disturbing  force  will  everywhere  have  a 
tendency  to  draw  the  moon  nearer  to  the  plane  of  the  ecliptic 
A  B ;  and,  according  to  what  has  been  proved  (3161.),  it  follows 
that,  through  the  entire  semicircle  a  c  d,  the  orthogonal  com- 
ponent will  impart  a  regressive  motion  to  the  line  of  nodes, 
and  from  A  to  i>,  \t  will  cause  the  inclination  to  decrease,  and 
from  c  to  D  to  increase. 

While  the  moon  moves  from  d  through  o  to  A,  being  at  a 
greater  distance  than  the  earth  from  the  sun,  the  orthogonal 
component  has  a  tendency  to  repel  the  moon  further  from  the 
sun,  which,  in  this  case,  will  have  the  effect  of  drawing  the 
moon  from  the  semicircle  do  A  towards  the  plane  of  the 
ecliptic  DA;  and,  consequently,  according  to  what  has  been 
proved  (3161.),  its  effect  will  be  to  impart  a  regressive  motion 
to  the  line  of  nodes  throughout  the  semicircle  do  A,  and  to 
cause  the  inclination  to  decrease  from  d  to  o,  and  to  increase 
from  o  to  A. 
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Thus  it  appears  that,  in  this  position  of  the  lines  of  quad- 
rature and  syzjgies,  a  continual  motion  of  regression  is  im- 
parted to  the  nodes,  except  at  the  points  ▲  and  d,  where  the 
effect  is  nothing.  Commencing  from  a,  the  regression  of  the 
nodes  continually  increases  with  the  increase  of  the  orthogonal 
force,  until  the  moon  arrives  at  c,  when  the  r^ression  is  a 
maximum ;  it  then  decreases  and  continues  to  decrease  nntil 
the  moon  arrives  at  D,  where  it  vanishes;  it  again  increases 
from  D  to  o,  where  it  is  again  a  maximum,  and  decreases  from 
o  to  A,  where  it  vanishes. 

The  change  of  inclination  produced  bj  the  disturbing  force 
being  nothing  at  a,  the  inclination  decreases  continually  from 
▲  to  c,  and  increases  from  c  to  d.  It  is,  therefore,  a  minimum 
at  a  After  passing  d,  it  decreases  from  d  to  o,  and,  conse* 
quentlj,  is  a  maximum  at  d.  After  passing  o,  it  increases 
from  o  to  A,  and  is,  consequently,  a  minimum  at  o. 

Thus  it  appears  that  the  inclination  is  least  at  conjunction 
and  opposition,  and  greatest  at  quadratures,  —  that  is,  in  the 
present  position  of  the  lines  of  syzygies  and  quadrature,  it  is 
least  when  the  moon's  latitude  is  greatest,  and  greatest  when 
the  moon's  latitude  is  nothing. 

Third  Case. 

3224.  When  the  line  of  syzygies  is  less  than  90*"  be/ore  the 
line  of  nodes. — This  case  is  represented  in  Bg.  847.,  where,  as 


Fig.  847. 

before,  A  is  the  ascending  and  d  the  descending  node,  c  and  o 
being  the  extremities  of  the  line  of  syzygies,  and  p^  and  p'^ 
those  of  the  line  of  quadratures,  the  points  b  and  b'  being  those 
at  which  the  moon's  orbit  is  most  distant  from  the  ecliptic,  and^ 
therefore,  the  middle  points  of  the  semicircles  A  d  and  d  a. 

From  what  has  been  explained,  it  is  evident  that  the  or* 
thogonal  component  at  Pg  and  p's  will  be  nothing,  since  at 
these  points  the  disturbing  force  is  radial;  and  it  has  been 
already  shown  that  at  the  nodes  A  and  D  the  orthogonal  com* 
ponent  is  also  nothing. 

While  the  moon  moves  from  p',  through  a  and  c  to  P,  the 
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disturbing  force  tends  to  draw  it  from  the  plane  of  its  orbit 
towards  the  ecliptic,  and  while  it  moves  from  f^  through  d  and 
o  to  p'2  the  disturbing  force  tends  to  draw  it  up  from  the 
plane  of  her  orbit ;  therefore  in  moving  from  i^\  to  ▲  the  dis- 
turbing force  draws  it  from  the  plane  of  the  ecliptic,  and  while 
it  moves  from  a  to  p^  through  c  and  b  the  disturbing  force 
draws  it  towards  the  plane  of  the  ecliptic. 

While  the  moon  moves  from  P3  to  d  it  draws  the  moon  from 
the  plane  of  the  ecliptic,  and  while  it  moves  from  d  through  o 
and  e'  to  p,  it  draws  it  towards  the  plane  of  the  ecliptic 

By  combining  these  results  with  what  has  been  proved  in 
3161.,  it  will  follow  that  while  the  moon  moves  from  A  to 
P2  and  from  d  to  p'a  a  regressive  motion,  and  while  it  moves 
from  P3  to  D  and  from  f\  to  a  a  progressive  motion,  is 
imparted  to  the  line  of  nodes.  Now  it  will  appear  bj  in- 
spection of  the  figure,  that  the  arc  A  p^  is  greater  than  the  arc 
P3  D,  and  that  the  arc  d  p^^  is  greater  than  p'2  a,  and,  conse- 
quently, it  follows  that  the  sum  of  the  arcs  through  which  a 
retrograde  motion  is  imparted  is  much  greater  than  the  sum  of 
the  arcs  through  which  a  progressive  motion  is  imparted,  and 
consequently,  after  the  synodic  revolution  has  been  completed, 
the  line  of  nodes  on  the  whole  will  have  retrograded. 

It  follows,  also,  from  what  has  been  stated  that  from  p^^  to  E 
and  from  p^  to  e'  the  inclination  will  decrease,  and  from  e  to 
P2  and  from  e'  to  p'j  it  will  increase.  But  since  the  arcs  p',  b 
and  P3E'  are  respectively  greater  than  ePq  and  e'p'2>  the  sum 
of  the  former  will  be  greater  than  the  sum  of  the  latter,  and 
consequently  the  arcs  through  which  the  inclination  decreases 
being  much  greater  than  those  through  which  it  increases, 
there  will  be  on  the  whole  a  decrease  of  the  inclination  after 
the  synodic  revolution  has  been  completed. 

FouBTH  Case. 

3225.  When  the  line  of  syzygies  is  more  than  90°  before  the 
line  ofnodes^ — In  this  case  while  the  moon  moves  from  p'2  to 
^7»fi9*  848.,  the  disturbing  force  has  a  tendency  to  draw  it  down 


Fig.  848. 
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towards  the  ecliptic,  and  from  p,  to  p's  it  has  an  oppoaite  effect 
It  follows,  therefore,  that  while  the  moon  moves  from  p's  to  d 
the  line  of  nodes  regresses,  and  while  it  mores  from  d  to  P] 
it  progresses.  While  it  moves  from  p^  to  ▲  it  regresses,  and 
while  it  moves  from  ▲  to  p',  it  progresses. 

By  comparing  the  lengths  of  these  arcs,  as  befmre,  it  will 
appear  that  those  where  regress  is  produced  exceed  those 
where  progress  is  produced,  and  it  follows,  therefore,  that  in 
an  entire  synodic  revolution  the  line  of  nodes  regresses.  It 
also  follows  that  while  the  moon  moves  from  p'^  to  £  and  from 
Pq  to  e'  the  inclination  is  decreased,  and  while  it  moves  from 
£  to  P2  and  from  e'  to  p's  the  inclination  is  increased,  and  hj 
comparing  the  magnitudes  of  these  arcs  it  will  be  evident  that 
in  the  entire  synodic  revolution  an  increase  of  the  inclinatioa 
takes  place. 

The  same  conclusions  would  follow  if  the  moon's  orbit  were 
supposed  to  be  inclined  to  the  ecliptic  in  the  other  direction. 

Thus  it  appears  in  general  that  when  the  line  of  nodes  is  in 
sjzjgies  no  change  takes  place  either  in  the  position  of  that 
line  or  in  the  magnitude  of  the  inclination.  While  it  passes 
from  sjzjgies  to  quadrature  the  line  of  nodes  r^resses  and  tbe 
inclination  diminishes ;  when  it  is  in  the  line  of  quadratures 
the  line  of  nodes  regresses,  but  the  inclination  is  unchanged; 
and  when  it  is  between  quadratures  and  sjzygies  the  line  of 
nodes  still  regresses  and  tbe  inclination  is  increased.  Thus 
when  the  sun  has  described  in  its  apparent  motion  nearly  one 
half  a  revolution  of  the  ecliptic,  there  is,  on  the  whole,  a 
regression  of  the  node  and  an  alternate  incrt;ase  and  decrease 
of  the  inclination ;  and  during  its  motion  through  the  other 
half  of  the  ecliptic  similar  changes  are  produced  in  the  same 
order.  It  follows,  that  the  inclination  is  a  maximum  when  the 
line  of  nodes  is  in  syzygies,  and  a  minimum  when  it  is  in  qua- 
dratures. 

3226.    GENERA.L    SUMMABr    OP    THE    LUNAR   INEQUALITIES.— 

From  all  that  has  been  stated  in  the  present  chapter  it  appears 
that  the  principal  lunar  inequalities  are  as  follows^  — 

1°.  The  annual  equation,  which  depends  on  tbe  variation 
of  the  disturbing  force  due  to  the  varying  distance  of  the  earth 
from  the  sun  in  its  elliptic  orbit. 

2^  The  variation,  which  depends  on  the  difference  of  tbe 
disturbing  force  arising  from  the  synodic  place  of  the  moon. 
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3°.  The  acceleration  of  the  moon's  mean  motion,  de- 
pending on  the  effect  produced  upon  the  disturbing  force  by 
the  secular  variation  of  the  excentricity  of  the  earth's  orbit. 

4°.  The  parai.lactio  inequality,  depending  on  the  difference 
between  the  disturbing  forces  of  the  sun  in  conjunction  and 
opposition. 

5^  The  equatiqn  of  the  centre,  an  inequality  which, 
boweyer,  cannot  properly  be  called  a  perturbation,  inasmuch  as 
it  depends  only  on  Uie  elliptic  form  of  the  lunar  orbit,  which 
would  subsist  without  any  disturbing  force. 

6®.  The  alternate  progression  and  reoression  of  the 
APSIDES,  depending  on  the  synodic  place  of  the  moon. 

7*^.  The  mean  progression  of  the  apsides,  being  the 
excess  of  the  progression  over  the  regression  during  a  synodic 
period. 

8°.  The  variation  op  the  excentricitt,  depending  on  the 
synodic. place  of  the  moon. 

9^.  The  alternate  regression  and  progression  of  the 
nodes,  arising  from  the  effect  of  the  orthogonal  component  of 
the  disturbing  force. 

lO*'.  The  mean  regression  of  the  nodes,  arising  from  the 
excess  of  the  regressive  over  the  progressive  motion  during 
the  synodic  revolution. 

11®.  The  alternate  increase  and  decrease  of  the 
inclination. 

The  combined  effects  of  the  seventh  and  eighth  of  the  pre* 
ceding  inequalities  depending  on  the  synodic  position  of  perigee 
are  called  by  the  common  name,  erection.  This  is  the  greatest 
inequality  to  which  the  moon's  place  is  subject,  producing  a 
variation  in  the  moon's  longitude,  the  extreme  range  of  which 
is  2^°.  It  was  discovered  by  observation  about  the  year  a.d. 
140,  by  Ptolemy. 

The  inequality  arising  from  the  alternate  regression  and 
progression  of  the  nodes  and  the  alternate  increase  and  de- 
crease of  the  inclination  were  discovered  by  Tycho,  about  the 
year  1590.  This  is  the  greatest  of  the  inequalities  which 
affect  the  moon's  latitude.  Its  range,  however,  is  limited  to 
about  16'. 

3227.  Other  lesser  inequalities. — The  preceding  inequalities, 
numerous  as  they  may  seem,  are  nevertheless  only  the  principal 
effects  of  lunar  perturbations.    There  are  many  others  which 
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depend  on  differences  of  intensity  of  the  disturbing  fane^ 
which  have  not  here  been  taken  into  account ;  for  example, 
the  rate  of  the  progression  of  the  apsides,  as  well  as  the 
diminution  of  the  lunar  orbit,  b  affected  by  the  difference  of 
the  intensities  of  the  disturbing  force  at  conjunction  and 
opposition. 

The  variation  of  the  intensity  of  this  foi;ce  due  to  the  excen- 
tricity  of  the  earth*s  orbit,  affects  also,  to  a  sensible  extent,  the 
Tariation  of  the  motion  of  the  apsides,  and  the  variation  of  the 
excentricity. 

The  parallactic  inequality  is  also  affected  by  the  position  of 
the  moon  in  relation  to  the  apsides  of  the  earth's  orbit. 

There  are  also  several  small  inequalities  affecting  the  plane 
of  the  moon's  orbit,  depending  on  the  excentrici^  of  the  orbits 
of  the  earth  and  moon. 

In  fact,  the  number  of  corrections,  or  equations  as  they  are 
called,  which  are  applied  to  the  moon  in  the  computation  of  iu 
true  place  are  not  less  than  forty. 


CHAP.  xxn. 

Theory  op  the  Jovian  System. 

3228.  Analogy  of  the  Jovian  to  the  terrestrial  system. — 
What  the  moon  is  to  the  earth,  each  of  the  Jovian  satellites  is 
to  Jupiter,  and  the  sun  stands  in  the  same  physical  relation  to 
both  these  systems. 

It  might,  therefore,  be  expected  that  the  same  series  of  in* 
equalities  which  arise  from  the  disturbing  force  of  the  suii 
noting  on  the  earth  and  moon,  would  be  equally  produced  in 
the  case  of  each  of  Jupiter's  satellites,  and  that  such  dii$turb« 
ances  do  act  and  that  like  inequalities  ai*e  produced  cannot  be 
doubted. 

3229.  Why  the  same  inequalities  are  not  manifested,  — 
But  when  we  come  to  calculate  the  quantities  of  these  in- 
equalities in  the  case  of  Jupiter,  they  are  found  to  be  so 
utterly  insignificant  in  their  numerical  values,  that  they  are 
ftltogether   incapable  of  being  appreciated  by  the  nicest   ob*. 
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nervation,  except  in  the  case  of  the  fourth  satellite,  in  whose 
motions  inequalities  of  very  minute  amount,  analogous  to  the 
moon's  variation,  evection,  and  annual  equation  are  barelj 
observable,  the  inequality  corresponding  to  the  annual  equation 
in  this  case  amounting  to  no  more  than  2\  and  the  other 
inequalities  being  much  less. 

The  cause  of  this  insignificant  amount  of  the  disturbing 
force  of  the  sun  will  be  easily  understood. 

The  whole  Jovian  Sjrstem  subtends  at  the  sun  a  visual  angle 
less  than  one-half  the  apparent  diameter  of  the  sun  as  seen 
from  the  earth,  and  consequently,  lines  drawn  froih  the  sun  to 
all  points  in  that  system  will  be  practically  parallel,  and  with 
the  exception  of  the  fourth  satellite,  as  already  mentioned,  the 
variation  of  the  distances  of  the  different  satellites  from  the 
sun  is  so  utterly  insignificant,  compared  with  the  whole  distance, 
that  the  corresponding  variation  of  the  intensity  of  the  sun's 
attraction  upon  the  satellites  and  the  central  body  is  so  minute 
as  to  produce  no  perceptible  disturbing  effect  In  a  word,  the 
sun's  attraction  upon  the  Jovian  83rstem  may  be  regarded  as  a 
force  acting  with  equal  intensities  in  parallel  lines  on  all  parts 
of  the  system,  exactly  as  the  force  of  gravitation  would  act 
upon  any  small  group  of  heavy  bodies  placed  near  the  surface 
of  the  earth. 

3230.  Mutual  perturbatiom  of  the  satellites. — In  this  se^- 
condary  system,  therefore,  contrary  to  what  might  be  expected, 
there  is  no  analogy  whatever  to  the  lunar  theory,  and  all  the 
perturbations  which  are  observable  are  those  due  to  the  mutual 
gravitation  of  the  four  satellites  one  upon  another. 

The  investigation  of  these  perturbations  is  greatly  simplified 
by  the  following  conditions  which  prevail  in  the  system  : 

First.  That  the  undisturbed  orbits  of  all  the  satellites  are 
very  nearly  circular,  those  of  the  first  and  second  being  exactly 
so ; 

Secondly.  That  they  are  very  nearly  in  the  common  plane  of 
the  planet's  equator ;  and 

Thirdly.  That  the  mean  motions  of  the  three  inner  satellites 
are  commensurable  in  the  remarkable  manner  already  expressed 
(2762.) 

3231.  Retrogression  of  the  lines  of  conjunction  of  the  first 
three  satellites.— Aa  some  of  the  most  remarkable  consequences 
of  the  mutual  disturbing  forces  in  this  system  depend  upon  the 
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relation  between  the  mean  motions  of  the  three  Inner  nttellites 
jast  mentioned,  we  shall,  in  the  first  instance,  explain  the  effect 
of  this  relation  npon  the  successive  portions  assumed  bj  their 
lines  of  conjunction. 

Let  the  three  inner  satellites  be  expressed  by  s'y  a",  a"',  and 
their  periods  by  p,  p",  p'". 

By  the  line  of  conjunction  of  any  two  satellites  is  to  be 
understood  that  line  which  would  be 
drawn  through  their  places  from  the 
centre  of  Jupiter,  where  they  have 
the  same  direction  as  seen  from  that 
centre. 

Thus,  if  J,  fg.  849.,  be  the  centre 
of  the  planet,  and  s'l  that  of  the 
first  satellite,  the  second  satellite  will 
be  in  conjunction  with  it,  if  it  be 
at  8|".  Now  if  the  two  satellites 
move  each  in  its  proper  orbit,  in  the 
'^'  direction  of  the  arrows  from  this  posi- 

QgQO 

tion,  the  angular  motion  of  the  first  will  be  —j-  and  that  of  the 

OQQO 

second  -^  and  since  p'  is  less  than  p*',  the  latter  angular  mo- 
tion will  be  more  rapid  than  th^  former,  and  the  first  satellite 
will  continually  gain  upon  the  second,  and  after  the  lapse  of  the 
interval  called  their  synodic  period,  the  first  will  overtake  the 
second,  and  they  will  be  again  in  conjunction* 

The  new  direction  of  their  line  of  conjunction,  relatively  to 
the  former,  will  depend  upon  the  relation  which  subsists  be- 
tween their  periodic  times,  and  consequently  between  their 
mean  motions.  Now  it  appears  that  the  mean  motions  of  the 
first  and  second  are  very  nearly,  though  not  exactly,  in  the 
proportion  of  2  to  1.  By  reference  to  the  tabular  synopsis  of 
the  elements  of  the  Jovian  system,  in  (2999.),  it  will  be  seen 
that  the  proportion  of  their  periodic  times  is  as  1769  to  3551, 
that  is,  as  1000  to  2007.  It  follows,  therefore,  that  the  mean 
motion  of  the  first  satellite  is  a  little  more  than  twice  as  rapid 
as  the  mean  motion  of  the  second.  If  the  mean  motion  of  the 
first  were  exactly  twice  the  mean  motion  of  the  second,  the 
first  would  make  two  complete  revolutions  while  the  second 
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would  make  one;  and  therefore,  the  second  having  revolved 
once  in  its  orbit,  and  returned  to  8"i,  the  first  would  have 
revolved  twice  and  would  also  have  returned  to  s'l,  and  in  this 
case,  their  line  of  conjunction  would  always  have  the  same 
fixed  direction  J  s'l  s'\.  But  since  the  periodic  time  of  the 
first  is  a  little  less  than  half  that  of  the  second,  the  first  will 
overtake  the  second  before  it  has  quite  completed  two  revolu- 
tions, and  the  consequence  will  be,  that  their  next  line  of 
conjunction  J  s',  8'^,  will  be  behind  the  former;  so  that  in  a 
single  synodic  revolution,  their  line  of  conjunction  will  have 
retrograded  through  the  angle  s",  j  s",,  and  in  the  same  manner, 
in  another  synodic  period,  it  will  have  retrograded  through  an 
equal  angle,  and  will  assume  the  direction  j  s^  8"„  and  in  the 
Bame  manner  at  every  successive  conjunction  it  will  have 
retrograded  through  an  equal  angle,  the  mean  motion  of  the 
satellite  being  supposed  to  remain  the  same. 

3232.  Change  of  direction  of  line  of  conjunction  in  each  syno- 
dic revolution* — To  determine  this,  let  0  be  the  angle  formed 
by  the  line  of  conjunction  at  the  termination  of  each  revolu« 
tion  with  the  direction  it  had  at  the  commencement,  such  angle 
being  measured  from  the  latter  position,  in  the  direction  of  the 
motion  of  the  satellites,  so  that,  in  fact,  0  will  express  the  in- 
crease of  longitude  which  the  line  of  conjunction  may  receive 
in  the  synodic  period.  Let  t'  express  the  synodic  period  of  the 
satellites  s'  and  8\    We  shall  then  have  (2589.) 

1         1         1  T'=  ^"^ 


rpr  =   p/  —  Jpf  p/'^p/  * 

360° 
and  since  s"  moves  through  — -  in  the  unit  of  time,  and  the 

advance  of  the  line  of  conjunction  in  the  time  t'  is  equal  to  the 
angle  through  which  s"  moves  in  that  time,  we  shall  have 

In  like  manner,  if  0"  express  the  same  angle  for  the  line  of 
conjunction  of  the  satellites  s"  and  s'",  we  shall  have 

0''=36O^X      ^" 


p'"-p" 
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3233.  Application  to  the  three  inner  satellites, — Now  in  the 
case  of  these  three  satellites  we  have  by  (2999.)  Table  V. 

p';  p":  p'"=17691:  85512:  71546, 

from  which  it  appears  that 

'  ,=0-9927  ./'  ,,=0-9855 ; 


and  conseqnentlj 

f  =:357*'-37  0"=354*»-78. 

It  appears,  therefore,  that  in  each  synodic  revolution  of  s' 
and  a",  their  line  of  conjunction  advances  through  357^-37,  and 
is,  therefore,  2^*23  behind  its  first  position ;  and  that  in  the 
case  of  b"  and  s"',  the  corresponding  line  advances  through 
354^*78,  and  is,  therefore,  5^*12  behind  its  first  position, 

3234.  Regression  of  the  lines  of  conjunction  of  the  three 
satellites  equal. — But  the  synodic  periods  T  and  t',  of  a',  s"  and 
8%  8'"  are  (2577) 

t'=3-525  t"=i  7-050; 

and  consequently  the  angles  of  regression  of  the  two  lines  of 
conjunction  in  the  same  time  are  as 

2-23x7-050  :  5-12  X  3-050  ::  157  :  156, 

so  that  the  rate  of  regression  of  the  two  lines  of  conjunction  is 
the  same, 

3235.  Line  of  conjunction  of  the  first  and  second  in  oppo* 
sition  to  that  of  the  second  and  third, — It  follows  from  this 
that  the  two  lines  of  conjunction,  thus  regressing  at  the  same 
rate,  must  always  be  inclined  to  each  other  at  the  same  angle. 
Now  it  is  found  by  observation,  that  this  invariable  angle  is 
180°,  so  that  the  line  of  conjunction  of  the  first  and  second 
satellites  is  always  in  immediate  opposition  to  the  line  of  con- 
junction of  the  second  and  third  satellites^  as  seen  from  the 
planet. 

We  shall  now  see  the  remarkable  consequences  of  these 
relations  in  their  effects  upon  the  mutual  perturbations  of  the 
satellites. 

3236.  Effects  of  their  mutual  perturbations  upon  thefom^ 
of  their  orbits* — The  undisturbed  orbits  of  the  first  and  second 
satellites  are  sensibly  circular,  the  excentricity  of  the  orbit  of 


Digitized  by 


Google 


JOVIAN  THEORY-  673 

the  third  being  extremely  small  (2999.  )>  Table  V.  Their  mutual 
disturbing  forces  render  the  orbits  elliptical  The  major  axis 
of  the  ellipses  are  the  same  as  the  diameter  of  the  undisturbed 
orbits,  which  are  derived  from  the  periodic  times  by  the  har- 
monic law.  The  forms  of  the  orbits,  or,  what  is  the  same, 
their  excentricities,  are  invariable,  but  their  lines  of  apsides 
are  moveable. 

3237.  Motion  of  the  apsides  equal  to  that  of  the  lines  of 
conjunction. — The  motions  imparted  to  the  apsides  being  ex- 
clusively  the  effects  of  the  disturbing  force,  and  that  force 
being  most  effective  where  the  satellites  are  in  conjunction, 
and  varying  in  its  intensity  and  direction  with  the  angular 
distance  of  the  disturbed  from  the  disturbing,  as  seen  from  the 
central  body,  it  is  evident  that  the  position  of  the  line  of 
apsides  must  be  always  the  same  in  relation  to  the  line  of  con- 
junction, and;  consequently,  that  the  motion  of  the  lines  of 
apsides  must  be  the  same  as  that  of  the  lines  of  conjunction, 
both  as  to  rate  and  direction.  The  line  of  apsides  of  s'  and  s", 
and  that  of  s'^  and  b"'y  must,  therefore,  have  a  regressive  motion 
exactly  equal  to  that  of  the  lines  of  conjunction  ;  and  since  the 
motions  of  the  latter  are  equal,  the  motions  of  the  lines  of 
apsides  of  the  three  orbits  must  likewise  be  equal. 

3238.  The  lines  of  apsides  coincide  with  the  lines  of  con-* 
junction, — In  the  exposition  of  the  general  theory  of  perturba- 
tions, it  has  been  demonstrated  that  when  the  disturbed  and 
disturbing  bodies  are  in  conjunction,  the  excentricity  of  the 
disturbed  orbit  varies,  if  the  line  of  apsides  be  inclined  to  that 
of  conjunction,  and  is  only  invariable  when  these  lines  coin- 
cide. Now  in  the  present  case,  the  excentricities  of  the 
disturbed  orbits  are  subject  to  no  variation;  and  it  follows^ 
consequently,  that  the  lines  of  apsides  of  the  disturbed  orbits 
must  always  coincide  with  the  lines  of  conjunction. 

3239.  Positions  of  the  perijoves  and  apojoves  of  the  three 
orbits. — ^But  this  being  admitted,  the  apsides  may  be  presented 
in  either  of  two  opposite  directions.  If  we  consider  s'  as 
disturbed  by  s'\  either  the  perijove  or  apojove  of  a'  (as  the 
apsides  of  the  satellites  are  called)  may  be  in  conjunction  with 
8^'.  It  results,  however,  from  what  has  been  proved,  that 
if  the  perijove  be  in  conjunction,  the  disturbing  force  of  s'' 
will  render  the  apsides  of  s^  regressive,  and  if  the  apojove  be 
in  conjunction,  it  will  render  that  motion  progressive.    But 
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Fig.  850. 


since  the  motion  of  tbe  aprides  of  s'  is  regressive,  the  p^of^ 
must  be  in  conj  auction. 

If  we  consider  s"  distorbed  bj  s", 
we  have  the  case  of  an  exterior  dis- 
turbed bj  an  interior  bodj,  the  latter 
being  at  a  distance  from  the  centre 
greater  than  half  that  of  the  exterior 
bodj.  In  this  case,  the  motion  im- 
parted to  the  apsides  of  s'^  would  be 
progressive,  if  s'^s  pwijove  wore  in 
conjunction,  and  regressive  if  its  apo* 
jove  were  in  that  position.  But  since 
the  motion  of  the  apsides  is  actuallj 
r^ressive,  the  apojove  of  s^'  must  be 
in  conjunction  with  s'. 

In  the  same  manner  it  mmj  be 
shown,  that  in  consequence  of  the  dis- 
turbing forces  mutually  exerted  bj  s*^ 
and  s'",  the  former  must  be  in  perijove 
and  the  latter  in  ^ojove  when  in  con- 
junction. 

By  combining  these  consequences  with  the  relative  positions 
ef  the  lines  of  conjunction  of  s'  s"  and  of  s"  s'^'  already  in- 
dicated (3235.),  it  will  be  apparent  that  the  perijove  of  s'  and 
the  apojove  of  s",  when  s'  and  s'^  are  in  conjunction,  are  in 
opposition  with  the  perijove  of  s"  and  the  apojove  of  s'^',  when 
8^'  and  s"'  are  in  conjunction,  so  that  the  relative  position  of 
the  three  orbits  in  this  case  is  that  which  is  represented  in^<^. 
850.,  where  p'  is  the  perijove,  and  a'  the  apojove  of  s',  p"  and 
a"  those  of  s",  and  p'"  and  a"'  those  of  s"'. 

3240.  VcUue  of  the  exetntricUy.  —  Since  the  motion  of  the 
apsides  and  the  excentricity  are  exclusively  due  to  the  dis- 
turbing force,  which  in  this  case  is  given,  the  constant  value  of 
the  excentricity  will  so  depend  on  the  motion  of  the  apsides^ 
that  the  latter  being  given,  the  former  may  be  determined. 
Now  the  regressive  motion  of  the  apsides  being  exactly  equal  to 
that  of  the  line  of  conjunction  is  known,  and  therefore  the 
value  of  the  excentricity  can  be  determined. 

The  excentricity  which  thus  arises  exclusively  from  the 
agency  of  the  disturbing  forces,  though  less  than  the  excentri- 
cities  of  the  undisturbed  orbits  of  the  planets  generally,  is 
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nevertheless  not  inconsiderable,  exceeding,  for  example,  that  of 
the  orbit  of  Venus. 

3241.  Remarkable  precision  in  the  fulfilment  of  these  laws. 
«— These  remarkable  laws,  of  which  there  is  no  other  example 
in  the  solar  System,  are  falfilled  with  sach  precision,  that  in  the 
thousands  of  revolutions  of  the  satellites  which  have  taken 
place  since  their  discovery,  not  the  smallest  deviation  from  them 
has  ever  been  observed,  except  such  as  has  arisen  from  the 
slight  ellipticity  of  the  undisturbed  orbit  of  the  third  satellite. 
The  greatest  and  most  irregular  perturbations  of  the  planet  or 
the  satellites,  provided  thej  come  on  gradually,  do  not  in- 
terrupt the  play  of  these  laws,  nor  change  the  relation  of  the 
motions  resulting  from  them.  The  effect  of  a  resisting  medium 
will  not  affect  them,  though  each  of  these  causes  would  alter 
the  motions  of  all  the  satellites,  and  though  similar  causes  would 
wholly  destroy  the  conclusions  which  mathematicians  have 
drawn  as  to  the  stability  of  the  solar  system,  with  regard  to 
the  elements  of  the  orbits  of  the  planets.* 

8242.  Effects  <f  the  excentricHy  of  the  undisturbed  orbit  of 
the  third  satellite. — In  the  preceding  paragraphs,  the  orbit  of 
the  third  satellite  s"'  is  considered  as  having  no  other  excentri- 
city  except  that  which  proceeds  from  the  effects  of  perturba- 
tion. It  has,  however,  a  certain  small  original  excentricity 
independent  of  these  effects,  the  consequence  of  which  is,  that 
when  its  conjunction  with  s"  takes  place  near  the  perijove  of 
its  undisturbed  orbit,  the  effect  of  its  disturbing  force  on  s'^'s 
orbit  is  somewhat  more  considerable  than  in  other  synodic 
positions.  The  consequence  of  this  is  to  produce  a  small 
variation  both  in  the  excentricity  of  s'^s  orbit,  and  in  the 
motion  of  its  apsides,  which  variation  will  depend  on  the 
elongation  of  the  line  of  conjunction  from  the  apsides  of 
s^^"s  undisturbed  orbit 

The  variation  of  the  angular  motiofi  of  s"',  consequent  on  the 
small  ellipticity  of  its  orbit,  also  produces  a  corresponding  varia- 
tion in  the  rate  of  the  regression  of  the  line  of  conjunction. 

Similar  irregularities  are  incidental  to  the  orbit  of  8%  pro- 
ceeding from  the  same  causes.  The  disturbing  force  excited 
by  8"  on  s'",  being  that  of  an  interior  upon  an  exterior  body, 

*  See  Aiiy  on  QraTitation. 

The  physical  explanation  of  these  laws  was  first  given  by  Li4>]ace,  ■  in 

n84. 
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(3180.),  has  on  the  whole  the  effect  of  increasidg  tb« 
effective  attraction  of  the  central  body;  and  this  effect  ia 
chiefly  dae  to  the  action  when  s"  and  %'"  are  at  or  near  the  line 
of  conjunction ;  consequently,  where  that  line  is  near  the  peri- 
jove  of  8''"s  undisturbed  orbit,  the  disturbing  force  of  s"  is 
most  effective,  and,  as  that  line  revolves,  the  angle  under  it 
and  that  of  the  apsides  of  a'^^'s  undisturbed  orbit  continvaUj- 
varying,  the  effect  of  s'"s  disturbing -force  alternately  increases 
and  decreases.  This  is  attended  with  an  irr^ularitj  in  the 
niigor  axis,  and  consequently  in  the  mean  motion  of  s"'  which 
depends  on  its  synodic  position. 

The  dbturbing  force  of  an  exterior  exerted  on  an  interior 
body  tends,  on  the  whole,  to  diminish  the  effective  attraction 
of  the  central  body  (3177.).  It  follows,  tlierefore,  that  s'^ 
exerts  upon  s'^  a  disturbing  force  which  produces  an  irre- 
gularity depending  on  the  synodic  position  of  the  perijoTC  of 
6'"*s  undisturbed  orbit. 

Each  of  the  small  inequalities  noticed  above,  depending  on 
the  excentricity  of  8"'*s  undisturbed  orbit  reacting  on  the  other 
satellites  s'  and  s'',  produce  corresponding  small  inequalities^ 
which  if  attempted  to  be  introduced  in  the  general  theory  of  the 
system  would  render  it  extremely  complicated.  Their  almost 
infinitely  small  amounts,  however,  render  them  comparatively 
unimportant. 

3243.  Perturbations  of  the  fourth  sateilite.— The  theory  of 
the  perturbations  produced  and  sustained  by  the  fourth  satellite 
b""  has  nothing  in  common  with  that  of  the  three  others,  inas* 
much  as  no  such  remarkable  commensurability  prevaib  between 
its  mean  motion  and  those  of  the  others.  As  it  sustains  small 
inequalities  from  the  action  of  the  sun  similar  to  the  lunar 
disturbances,  so  it  also  produces  and  sustains  a  system  of  ine- 
qualities analogous  to  those  of  the  planets.  Thus  this  satellite 
3"'^  presents  at  once  an  example  on  a  small  scale  of  the  appli- 
cation of  the  principles  of  both  the  lunar  and  the  planetary 
theories. 

To  explain  the  theory  of  the  fourth  satellite  we  shall  first 
suppose  that  the  undisturbed  orbit  of  s'"  is  circular,  while  that 
of  8^"'  has  a  sensible  excentricity.  We  shall  assume  (what  will 
be  more  fully  explained  hereafter)  that  a  slow  progressive 
motion  is  imparted  to  its  apsides  by  the  spheroidal  shape  of 
Jupiter,  this  motion  being  such  that  the  apsides  make  a 
complete  revolution  in  about  11,000  revolutions  of  s"". 
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Owing  to  the  periods  not  being  nearly  commensurable,  like( 
those  of  the  inner  satellite,  the  line  of  conjunction  of  s"'  and 
8'^'^  will,  after  a  few  hundred  revolutions  of  the  satellites,  have 
assumed  every  possible  direction.  Now,  since  the  mutual  dis- 
turbing action  of  the  two  satellites  is  greatest  when  the  peri- 
jove  of  ^""  is  at  or  near  conjunction,  the  question  is  what  will 
be  the  form  of  orbit  that  will  be  impressed  on  s"'  by  the 
disturbing  force,  subject  to  the  condition  of  its  excentricity 
being  invariable. 

Now  it  is  evident,  from  all  that  has  been  explained,  that  if 
the  perijove  of  s'"  be  in  conjunction,  the  disturbing  force  of  s"" 
vrill  cause  its  apsides  to  regress,  and  the  rate  of  this  regression 
will  be  greater  as  the  excentricity  is  smaller  (3151.).  It 
may  therefore  be  such  as  to  neutralise  the  progressive  motion 
which  is  imparted  to  s^^s  apsides  by  the  spheroidal  shape  of 
the  central  planet,  and,  therefore,  such  as  to  render  the  actual 
progressive  motion  of  s'^s  apsides  equal  to  that  of  s'^s.  But 
the  motion  of  s'^^s  apsides  will  be  also  affected,  though  in  a 
very  slight  degree,  by  the  action  of  s'"  in  the  same  position, 
and  will  receive  from  that  action  a  small  increase  of  its 
progressive  motion. 

When  the  increased  progressive  motion  of  the  line  of  apsides 
of  s''"  is  equal  to  the  diminished  progressive  motion  of  the  line 
of  apsides  of  s'",  this  state  of  the  system  will  be  permanent, 
and  thus  the  progressive  motion  of  the  apsides  of  s""  will  be 
somewhat  increased,  and  the  orbit  of  s"'  will  have  a  compres- 
sion corresponding  in  direction  to  the  perijove,  and  an  elonga- 
tion in  the  same  direction  as  the  apojove  of  %'"\ 

In  this  reasoning  we  have  assumed  that  the  undisturbed 
orbit  of  the  third  satellite  is  circular,  but  similar  effects  will 
ensue  if  it  have  a  small  excentricity. 

Let  us  next  suppose  that  the  undisturbed  orbit  of  s""  is  cir- 
cular, while  that  of  s'"  has  a  small  excentricity.  The  disturb- 
ing force  will  be  the  greatest  at  the  apojove  of' s'",  and  this 
will  cause  the  line  of  apsides  of  s'"  to  progress ;  that  is  to  say, 
it  will  increase  the  progressive  motion  already  given  to  it  by 
the  spheroidal  shape  of  the  central  planet.  If  then  it  be  re- 
quired to  determine  the  form  of  the  orbit  of  s'^'^  which  will 
have  at  every  revolution  the  same  excentricity,  and  also  have 
its  line  of  apsides  always  corresponding  with  that  of  &"',  and 
therefore  progressing  more  rapidly  than  the  spheroidal  shape 
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of  Japiter  alone  would  make  it  do,  it  is  neeeaaary  to  anppoae 
that  the  perijore  of  b""  is  turned  towarda  the  apojoye  of  s", 
and  bj  supposing  the  excentridtj  small  enough,  the  disturbing 
force  will  impart  to  it  a  progressive  motion  as  rapid  as  mmj  be 
desired.  Thus  the  effect  of  the  excentricity  of  the  orbit  of  s" 
is,  that  its  line  of  apsides  will  progress  rather  more  rapidl/, 
and  that  the  orbit  of  b'"'  will  be  compressed  on  the  side  nearest 
the  apojove  of  b'^\  and  elongated  on  the  opposite  side. 

We  have  here  assumed  that  the  undisturbed  orbit  of  s^"  is 
circular,  but  a  similar  distortion  will  be  produced  even  if  it 
have  a  small  excentricity. 

In  effect  the  undisturbed  orbits  of  both  sateJiites  are  ellipses 
of  small  excentricity,  and  the  preceding  condusions  expressed 
with  reference  to  undisturbed  circular  orbits  will  be  equally 
applicable  to  them. 

Besides  the  excentricity  of  the  undisturbed  orbit  of  s"",  it  has 
also  an  excentricity  impressed  upon  it  by  the  disturbing  force, 
opposite  in  kind  to  that  of  s'^^s  orbit ;  and  besides  the  excen- 
tricity of  the  undisturbed  orbit  of  8'^\  it  has  impressed  upon  it 
an  excentricity  of  the  same  kind  as  that  of  s"". 

In  the  same  manner,  the  orbits  of  s'  and  s"  have  small  ex-, 
eentridties  impressed  upon  them,  similar  in  their  kind  to  those 
of8'"ands"". 

3244.  Complicated  perturbations  of  this  system. — The  in- 
equalities which  have  been  here  briefly  noticed  as  produced  in- 
the  Jovian  system,  by  the  mutual  perturbations  of  the  satel- 
lites, and  which  are  only  the  principal  inequalities  of  this 
system,  are  so  closely  connected,  and  so  completely  entangled,- 
that,  though  they  admit  of  being,  for  popular  purposes,  ex- 
plained under  the  point  of  view  here  presented,  it  would  not 
be  possible  to  reduce  them  in  this  way  to  computation ;  ar 
mathematical  process  of  the  most  abstruse  kind,  which  would, 
at  the  same  time,  include  the  motions  of  all  the  four  satellites,- 
would  alone  be  sufficient  for  this  purpose. 

Enough,  however,  has  been  done  if,  in  what  has  been  said 
above,  a  general  idea  may  be  obtained  of  the  theory  of  these 
disturbances  in  the  most  curious  and  complicated  system  that 
has  ever  been  reduced  to  calculation.* 

*  We  are  indebted  for  the  substance  of  some  parts  of  this  chapter  to  the 
short  but  excellent  tract  on  Gravitation  by  Professor  Aiiy,  to  which  we 
refer  readers  who  may  desire  further  details. 
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CHAP.  XXIII. 

THEORY  OF  PLANBTABY  PERTURBATIONS* 

3245.  The  theory  Amplified  by  those  of  the  moon  and  the 
Jovian  system. — The  investigation  and  solution  of  the  more 
general  and  complicated  cases  of  perturbation  presented  by 
the  mutual  action  of  the  planets,  will  be  greatlj  simplified  and 
facilitated  by  the  previous  exposition  of  the  theories  of  the  moon 
and  the  Jovian  system.  The  inequalities  developed  in  each  of 
these,  are  reproduced  in  very  slightly  modified  forms,  in  the 
case  of  the  planets.  Thus  the  terrestrial  disturbed  by  the  major 
planets,  present  a  class  of  perturbations  similar  to  those  of  th^ 
moon  disturbed  by  the  sun.  In  both  cases  the  disturbing  is 
exterior  to  the  disturbed  body ;  in  both,  the  mass  of  the  disturb- 
ing  is  incomparably  greater  than  that  of  the  disturbed ;  in  both, 
the  distance  of  the  disturbing  from  the  central  body,  bears  a 
large  ratio  to  that  of  the  disturbed  body ;  and  if  in  the  lunar 
theory  the  mass  of  the  disturbing  body  be  much  larger  than  in 
the  case  of  the  planets,  its  distances  from  the  disturbed  and 
central  bodies,  bearing  also  a  much  larger  ratio  to  the  distance 
of  these  bodies  from  each  other,  the  intensity  of  its  disturbing 
forccfis  subdued  and  brought  into  closer  analogy  with  the  cases 
referred  to. 

The  inequalities  incidental  to  the  three  inner  satellites  of 
Jupiter,  depending  on  the  near  commensurability  of  their 
periods,  have  also  counterparts  among  the  perturbations  of  thd 
planets,  some  of  the  most  remarkable  of  the  planetary  in« 
equalities  arising  from  the  circumstance  of  the  periods  being 
very  nearly  in  the  ratio  of  whole  numbers,  as  will- presently 
appear. 

In  fine,  other  inequalities  produced  by  the  gravitation  of 
planet  on  planet,  are  analogous  to  those  found  to  prevail  be* 
tween  the  outer  satellites  of  Jupiter* 
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3246.  Periurb€Uions  of  the  terrestrial  by  the  major  planets.^^ 
If  we  suppose  any  one  of  the  terrestrial  to  be  disturbed  by  any 
one  of  the  major  planets,  it  will  be  easj  to  show  that  the  points 
at  which  the  disturbed  planet  and  the  sun  are  equidistant  from 
the  disturbing  planet,  and  at  which,  therefore,  the  tangential 
component  of  the  disturbing  force  vapishes,  are  in  all  cases 
Terj  near  the  points  of  quadrature. 

Let  8,  ^.  851.,  be  the  place  of 
the  sun,  m  the  disturbing  planet, 
qq'  the  places  of  the  disturbed 
planet  at  quadrature,  and  p,  p\ 
its  places  when  at  distances  from 
M  equal  to  sx.  Let  the  arc  qp^, 
or  the  angle  qsps,  be  expressed  by 
a,  8Ps  bj  r  and  sm  by  r',  and  draw 
Mm  perpendicular  to  sp,.  It  is 
evident,  then,  that  the  angle  smm 
=  a,  and  consequently 

sm  r 

sm.  a  =  —    =  jrr* 

Now,  jf  the  values  of  r  and  r'  in 
each  of  the  cases  of  the  terrestrial 
and  major  planets  be  substituted, 
we  shall  find  that  the  extreme 
values  of  a  will  be,  for  Mars  disturbed  by  Jupiter,  a  =  7**  21', 
and  for  Mercury  disturbed  by  Neptune,  a  =  0^  44',  and  for 
nil  other  cases  it  will  have  intermediate  values. 

It  follows,  therefore,  that  in  the  cases  here  referred  to^  the 
points  Pg  P^s  are  never  so  much  as  8°  removed  from  the  pointy 
of  quadrature. 

By  the  application  of  the  same  process  of  investigation  aa 
that  already  adopted  in  the  case  of  the  lunar  theory,  it  will  be 
found  that  the  points  Pi,  p^,  p\  and  p'j,  will  have  positions 
very  nearly  the  same  as  those  assigned  to  them  in  the  case  of 
the  moon. 

It  follows,  therefore^  that  the  several  vanishing  points  of  the 
components  of  the  disturbing  force,  on  the  position  of  which 
the  successive  phases  of  the  perturbations  so  mainly  depend, 
are  distributed  around  the  synodic  orbit  of  the  terrestrinl 
planets  as  disturbed  by  the  major  planets  in  a  manner  similar 
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in  all  respects,  to  the  corresponding  points  in  tbe  lunar  theory 
and  periodical  inequalities  are  accordingly  developed  in  a  like 
order  and  of  a  like  character,  differing  onlj  in  their  limiting 
magnitudes  and  the  lengths  of  their  periods. 

Thus  the  disturbed  orbit  is  less  curved  at  c  and  o,  and  more 
so  at  P3Q  and  p'sQ^  than  elsewhere,  so  as  to  acquire  an  oval  form, 
placed  with  relation  to  the  line  CO  similarly  to  that  of  the 
moon,  (3196.).  Its  curvature  at  c  is  more  flattened  than  at  o, 
(3198.).  Inequalities  affecting  the  place  of  the  planet  in  ap« 
proaching  to  and  departing  from  syzygies,  result  from  this, 
similar  to  the  moon's  variation,  parallactic  inequality,  and  annual 
equation. 

The  line  of  apsides  is  affected  with  a  motion  alternately 
progressive  and  regressive,  but  on  the  whole  progressive  (3215.). 
The  disturbed  orbit  is  rendered  a  little  more  excentric,  when 
this  line  is  in  quadrature  than  when  it  is  in  syzygies.  The 
effect  of  the  disturbing  force  on  the  whole  is,  as  in  the  case  of 
the  moon,  to  diminish  the  effective  central  attraction,  and  there- 
fore to  enlarge  in  a  slight  degree  the  orbit ;  and  this  effect  is,  of 
course,  somewhat  greater  when  the  disturbing  planet  is  near 
perihelion,  while  the  disturbed  planet  is  near  aphelion. 

It  must,  nevertheless,  be  observed,  that  these  and  other  like 
periodical  inequalities  arising  from  similar  causes,  are  not  only 
smaller  incomparably  in  magnitude,  taken  within  their  extreme 
limits,  and  slower  in  their  rate  of  development,  than  in  the  case 
of  the  lunar  perturbations,  but  that  their  absolute  limits  are 
so  extremely  narrow,  that  it  is  only  those  which  are  due  to  the 
predominant  mass  and  greater  proximity  of  Jupiter,  which  are 
productive  of  effects  great  enough  to  be  appreciable  by  common 
observations. 

3247.  Cases  in  which  the  disturbing  is  in  closer  proximity 
with  the  disturbed  planet,  — In  such  cases  the  same  close  ana« 
logy  to  the  lunar  inequalities  does  not  prevail.  Nevertheless, 
even  when  the  disturbing  planet,  being  exterior  to  the  dis? 
turbed,  lies  in  comparatively  close  proximity  with  it,  several  of 
the  inequalities  manifested  in  the  lunar  motions,  may  still  be 
recognised  in  a  modified  form.  The  vanishing  points  of  the 
componenta  are  somewhat  differently  distributed  in  relation  to 
the  lines  of  syzygy  and  quadrature.  The  points  Pj,  p',  of 
equidistance  from  the  disturbing  body  recede  from  quadrature 
^nd  approach  the  point  c  of  conjunction^  and  the  vanishing) 
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points  of  the  radial  components  Pj  p^i  approach  conjanction  c^ 
while  Ps  t\  approach  opposition  o.  The  disturbing  force, 
however,  still  has  a  tendency  to  diminish  the  curvature  of  the 
orbit  near  c  and  o,  and  to  increase  it  near  p,  and  p^^.  The 
general  effect  is,  as  before,  to  diminish  the  effective  central 
attraction,  and  consequently  to  enlarge  the  orbit  of  the  dis* 
turbed  planet, 

3248.  Case  in  which  the  disturbing  is  within  the  orbit  of  the 
disturbed  planet  -—  In  these  cases  the  general  effect  of  the  dis- 
turbing force  may  .be  traced  without  difficulty,  by  the  method 
explained  in  (3180.).  In  these  cases  the  general  effect  of  die 
disturbing  force  is  to  augment  the  effective  central  attraction, 
and  consequently  to  diminish  the  magnitude  of  the  orbit  of  the 
disturbed  planet. 

3249.  Perturbation  affected  by  the  position  of  the  apsides 
and  nodes  in  relation  to  the  line  of  conjunction.  —  In  the 
general  investigation  of  the  planetary  perturbations  it  is  ne- 
cessary to  observe,  that  the  effect  produced  by  the  disturbing 
force  in  each  synodic  revolution  will  necessarily  depend  on  the 
position  of  the  line  of  syzygies  in  relation  to  the  lines  of  nodes 
and  apsides,  and  will  vary  with  that  position. 

If  the  orbits  of  the  disturbing  and  disturbed  planets  were 
both  circles,  and  in  a  common  plane,  the  effect  produced  by  the 
disturbing  force. in  each  synodic  revolution,  and  in  each  synodic 
position  of  the  planets,  would  be  absolutely  the  same,  whatever 
be  the  direction  of  the  line  of  syzygies ;  for  in  that  case  the 


M  p 

Fig.  852.  Fig.  853. 

distances  of  m  and  p  from  s,  Jigs.  852.  853.,  beuig  always  the 
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3ame,  the  distance  u  p  between  the  diaturbing  and  disturbed 
bodies,  which  corresponds  to  any  angular  distance  m  s  P  of  on<i 
from  the  other  as  seen  from  the  central  body,  would  be  always 
the  same,  and  tlie  angles  at  which  m  p  is  inclined  to  the  lined 
H  s  and  p  s  would  be  always  the  same*  All  the  conditions^ 
therefore,  which  can  affect  the  intensity  and  direction  of  the 
disturbing  force,  would  be  absolutely  identical ;  and  it  follows 
consequently  that,  no  matter  what  may  be  the  directions  of  the 
lines  of  syzygy  and  quadrature,  the  disturbing  force  during  each 
synodic  revolution  would  pass  through  precisely  the  same 
changes  of  intensity  and  direction,  and  consequently  produce 
precisely  the  same  effects  upon  the  orbit  of  the  disturbed  planets 

If,  however,  the  orbits,  being  still  in  a  common  plane,  be 
either  or  both  of  them  ellipses,  the  same  identity  of  effects  of 
the  disturbing  force  during  a  synodic  revolution  will  no  longer 
prevaiL 

Let  it  first  be  supposed  that  the  orbit  of  the  disturbing 
planet  u^Jigs,  854,  855.,  is  circular;  and  that  of  the  disturbed, 
elliptical.  Let  p  be  the  point  of  perihelion,  and  a  that  of  aphe- 
lion, p[  and  a'  being  the  places  of  ic  corresponding  to  these 
points ;  and  let  m,  »  be  the  points  at  right  angles  to  />,  mf  and 
n'  being  the  corresponding  positions  of  k. 
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Fig.  854. 

Upon  comparing  the  varying  distance  of  m,  whether  it  be 
outside  the  orbit  of  p,  as  represented  in^.  864.,  or  within  it,  as 
repre^nted  in^.  855.,  it  will  be  evident  that  the  effects  of  the 
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disturbing  force,  during  a  sjnodio  revolution,  will  be  subject 
to  a  variation  with  the  varying  angle  formed  by  the  rmdius 
vector  u  8  of  the  disturbing  planet  with  the  direction  p  a  of 
the  perihelion  of  the  disturbed  planet.  Thus,  when  n,  being 
outside  p*8  orbit,  is  at  a%  it  is  evident  that  its  distance  from  p, 
in  any  proposed  sjnodic  position,  will  be  much  less  than  its 
distance  from  p  in  the  same  sjnodic  position  when  m  is  at  p^ ; 
and  consequently  the  effect  of  the  disturbing  force  dunng  a 
synodic  revolution  when  u  is  at  a\  is  much  greater  than  when  u 
is  at  p';  and  the  same  may  be  said  of  any  two  opposite  positions, 
such  as  H  and  h^,  or  ii^'  and  m^'',  which  the  disturbing  plane! 
can  assume. 

It  is  obvious,  the  like  observations  i 
represented  inj^<^.  856.,  in  which  m  is 

But  not  only  are  the  effects  of  the  < 
in  their  magnitude  according  as  the 
different  positions  with  relation  to  tl 
also  different  in  their  direction.     The 

points  of  the  components  of  the  disturbing  force,  and  the  d istri** 
button  of  the  arcs  through  which  they  are  alternately  positive 
and  negative  round  the  orbit  of  the  disturbed  body,  depend 
solely  on  the  direction  of  the  lines  of  syzygy  and  quadrature; 
but  the  effects  which  these  components  produce  upon  the  dif- 
ferent elements  of  the  elliptic  orbit  of  p,  depend  upon  the 
position  of  these  several  arcs  with  relation  to  the  line  of 
apsides.  In  some  positions  the  effect  of  the  disturbing  force 
in  a  complete  synodic  revolution,  will  be  to  augment,  in  others 
to  diminish,  one  or  other  element ;  and  in  positions  in  which  the 
same  elements  are  augmented  or  diminished,  they  will  be 
augmented  or  diminished  in  different  degrees,  according  to  the 
angle  which  the  line  of  conjunction  (that  is,  the  line  passing 
through  p  and  M  when  seen  in  the  same  direction  from  s) 
forms  with  the  line  p  8,  connecting  s  with  the  |»erihelion  of  the 
disturbed  orbit. 

To  simplify  this  explanation,  we  have  here  supposed  that 
the  orbit  of  the  disturbing  body  is  circular,  while  that  of  the 
disturbed  is  elliptical;  but  it  will  be  apparent,  that  like  ob- 
servations, mutatis  mutandis^  will  be  applicable  if,  reversing 
this  supposition,  we  suppose  the  orbit  of  p  to  be  circular,  and 
that  of  M  elliptical. 

In  fine,  if  both  orbits  be  supposed  to  be  elliptical,  a  furthei^ 
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cause  of  variation  will  affect  the  distarbing  force ;  for  in  that 
case,  the  distance  between  u  and  p,  and  the  relative  directions 
of  the  lines  MP,  MS,  and  p  s,  will  vary,  as  well  on  account  of 
the  ellipticity  of  m's  orbit  as  of  that  of  p.  The  effects  of  this 
force  on  each  of  the  elements  will  be  subject  to  constant  varia- 
tion, depending  on  the  angles  which  the  line  of  conjunction 
forms  with  the  lines  drawn  from  a  to  the  points  of  perihelion 
pf  the  two  orbits. 

This  will  be  very  obvious 
by  comparing  the  various 
positions  which  the  line  of 
conjunctions  8  p'  p  of  two 
such  planets,  mutually  dis« 
turbing,  may  assume,  with 
relation  to  the  lines  of  ap- 
sides asp  and  a'  s  p\  Ba 
represented  in  ^g,  856. 

The  orbits  in  the  pre^ 
ceding  illustration  have 
been  supposed  to  be  in  a 

„.      ^  common  plane.    If  they  be 

Fig.  856.  ^         J^  ^        .     1.     J     . 

'^  not  so,  but  are  inclined  at 

any  angle  to  each  other,  another  cause  of  variation  in  the  ef- 
fects of  the  components  of  the  disturbing  force,  during  the 
synodic  revolution,  is  introduced ;  and  the  entire  effect  of  such 
force  upon  the  elements,  during  each  such  revolution,  will  vary 
with  the  angle  at  which  the  line  of  conjunction  is  inclined  to 
the  line  of  nodes. 

.  It  will,  therefore,  be  apparent  that,  in  each  position  which 
the  line  of  conjunction  may  assume  with  relation  as  well  to  the. 
line  of  apsides  as  to  the  line  of  nodes,  the  disturbing  force  will, 
in  each  synodic  revolution,  produce  a  certain  change,  either  by 
progression  or  regression,  by  increase  or  diminution  in  the 
elements  severally  of  the  disturbed  orbit,  the  magnitude  of 
which  will  depend  on  such  position,  so  as  to  be  always  the 
some  for  the  same  position,  but  generally  different  for  different 
positions ;  and  when  such  positions  are  in  extreme  opposition, 
the  effects  of  the  elements  severally  are  often  also  contrary  in 
their  character,  so  as  mutually  to  destroy  or  compensate  each 
other  either  wholly  or  partially,  the  progression  or  increase 
resulting  from  the  effect  of  the  disturbing  force  in  one  position 


Digitized  by 


Google 


68«  ASTRONOMY. 

being  compensated,  wholly  or  partially,  by  an  equal  or  nearly 
equal  regression  or  decrease  in  the  opposite  position  of  the  line 
of  conjunction. 

It  follows  from  this  that,  if  the  motions  of  two  planets  were 
so  related  that  the  line  of  conjunction  should  always  have  the 
same  position  with  relation  to  the  lines  of  apsides  and  nodes, 
the  effect  pf  the  disturbing  force  en  each  of  the  elements,  ia 
each  synodic  revolution,  would  be  always  the  same ;  and  the 
consequence  would  be  that,  after  the  lapse  of  a  considerable 
number  of  such  revolutions,  the  changes  produced  in  each 
revolution  accumulating,  an  alteration  in  the  form  and  positioB 
of  the  disturbed  orbit  would  be  produced  so  great  as  com- 
pletely to  disturb  the  physical  conditions  of  the  planet  and 
derange  the  harmony  and  order  of  the  system. 

But  even  though  the  place  of  the  line  of  conjunction  should  not 
be  rigorously  the  same  after  each  successive  synodic  revolutioo, 
if  nevertheless  it  be  subject  only  to  a  small  change  of  position, 
it  is  evident  that  the  change  in  the  character  and  magnitude  of 
the  effects  of  the  disturbing  force  on  the  elemenU  wrill  be  pro^ 
portionally  small ;  and  that,  therefore,  such  effects  will  continue 
to  accumulate  and  to  augment  the  variation  of  each  of  the  ele- 
ments of  the  disturbed  orbit  in  the  same  direction,  until  by  the 
long  continuance  of  the  slow  change  of  position  of  the  line  of 
conjunction,  that  line  at  length  shifts  its  direction  so  as  to  take 
up  a  position  in  which  a  contrary  effect  will  be  produced  upon 
the  elements.  The  variation  of  these  latter  will  then  change ; 
what  was  previously  increase  will  become  decrease,  and  mce 
versa;  and  this  will  continue  un^til  the  line  of  conjunction,  still 
sloNvly  shifting  its  position,  again  resumes  the  direction  favour- 
able to  the  former  change  of  the  elements. 

In  this  manner  inequalities  may  be  produced,  of  which  the 
period  may  be  of  great  length,  but  which,  nevertheless,  depend- 
ing essentially  on  the  direction  of  the  line  of  conjunction,  and 
therefore  on  the  connguration  of  the  disturbing  and  disturbed 
planets,  are  still  periodic^  and  not  secular  variations.  Since, 
however,  the  motions  of  the  line  of  conjunction  on  which  they 
depend,  are,  in  all  the  cases  of  this  class  presented  in  the  solar 
system,  extremely  slow,  and  consequently  the  periods  of  these 
inequalities  are  incomparably  more  protracted  than  those 
which  arise  from  the  varying  synodic  positions  of  the  disturbed 
and  disturbing  planets,  they  have  been  denominated  by  astro* 
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nomers  as  the  "  long  inequalitUs;  "  and  the  discovery  of  some 
of  them  by  theory,  before  their  detection  by  observation,  has 
constituted  one  among  the  many  triumphs  of  physico-mathe^ 
matical  science. 

3250.  Method  of  determining  the  change  of  direction  of  the 
line  of  conjunction,  —  From  all  that  has  been  just  explained  it 
will  be  apparent,  how  much  importance  must  attach  to  the  pro« 
blem  to  determine  the  change  of  position  of  the  line  of  conjunc* 
tion  of  any  two  planets  after  each  synodic  revolution. 

Let  p  be  the  periodic  time  of  the  interior,  and  p'  that  of  the 
exterior;  and  let  t  express  the  synodic  period  or  the  interval 
between  two  successive  conjunctions*  It  appears  from  what 
has  been  explained  in  (2577.)9  that 

T         P        *»'   ' 


and  consequently, 


T  ^ 


P'-P 


In  the  time  T,  the  interior  planet  describes  360%  beside^ 
overtaking  the  exterior  planet,  and  therefore  describes,  in  addi* 
tion  to  360%  the  angle  which  the  exterior  planet  describes  in 
the  time  t  ;  and  since,  at  the  beginning  of  the  time  t,  the  two 
planets  are  in  conjunction,  and  again  in  conjunction  at  tlie  end' 
of  that  time,  the  angle  formed  by  the  direction  of  the  line  of 
conjunction  at  the  end  of  the  time  t,  with  its  direction  at 
the  beginning  of  the  time  T,  measured  in  the  direction  of 
the  planet's  motion,  will  be  the  angle  which  the  exterior 
planet  describes  in  the  time  t.  Let  this  angle  be  ^.  Since 
the  angle  which  the  exterior  planet  describes  in  the  unit  of 

lime  is       ,  ■  (2568.)^  the  angle  ^,  which  it  describes  in  tha 
time  T,  will  be 

^=  ?^  X  T  =  360**  X -,^— . 
p'  P'-P 

This  is,  then,  the  angle,  measured  in  the  direction  of  the 
planet's  motion,  through  which  the  line  of  conjunction  advances 
ia  each  synodic  revolution* 
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325 1.  Condition  under  which  the-direciion  of  the  line  cf 
conjunction  is  invariable, — If  the  line  of  eonj unction  hu 
alwajs  the  same  direction,  it  is  evident  that  in  a  ajnodic 
revolution  both  pkneta  must  have  made  a  complete  number  <tf 
revolutions,  and  consequently  the  angle  ^  must  either  be  360° 
or  some  exact  multiple  of  ^60^  If  ^  =  860''  we  shall  have  p  = 
r'  —  p  (2648),  and,  therefore,  p'  =  2  p.  In  that  case,  while  the 
exterior  phinet  makes  a  single  revolution,  the  interior  makes 
two ;  so  that,  after  each  revolution  of  the  exterior  planet,  the 
two  planets  come  into  conjunction  always  at  the  same  point 
In  this  case  it  is  evident  also,  that  the  synodic  time  is  equal  to 
the  periodic  time  of  the  exterior  planet. 

If  ^  =  2  X  360%  we  shall  have  ps2p'  — 2p,  and,  therefore, 
3p  =  2p'.  In  that  case,  while  the  exterior  planet  makes  two 
complete  revolutions,  the  interior  makes  exactly  three,  and  the 
synodic  period  is  equal  to  twice  the  periodic  time  of  the  ex- 
terior planet. 

If  ^  =  3  X  360**,  we  shall  have  p  =  3?*  —  3p,  and,  therefore, 
4p.=  dp'.  In  that  case,  therefore,  the  conjunctions  are  repro- 
duced at  the  same  point,  after  every  three  complete  revolutions 
pf  the  exterior  planet. 

In  general,  if  ^  =  »  x  360°,  p  =  «  x  p' — n  x  p,  and,  there- 
fore, (»  +  1)  X  P  =  »  X  p',  and  the  conjunctions  are  reproduced 
constantly  at  the  same  point,  after  n  revolutions  of  the  exteriori 
and  »  + 1  revolutions  of  the  interior  planet. 

The  general  condition  on  which  the  line  of  conjunctions 
shall  have  one  invariable  position,  therefore,  is  that  the  periodic 
times  of  the  two  planets  shall  be  such  as  can  be  exactly  ex- 
pressed by  two  whole  numbers,  of  which  the  greater  exceeds  the 
less  by  1,  such  as  1  and  2,  2  and  3,  3  and  4,  he 

3262.  To  determine  the  condition  under  which  the  line  of 
conjunctions  shall  have  a  limited  number  of  invariable  positions. 
—Although  the  conjunctions  may  not  be  always  reproduced 
at  the  same  point,  they  may  take  place  invariably  at  two,  three, 
or  more  fixed  points. 

If  ^s=  180°,  they  will  take  place  invariably  at  two  points 
which  are  diametHcally  opposed  to  each  other.  In  that  case,  we 
shall  have  2p=p'-p  (3250.),  and,  therefore,  p'=3p  andxs^p'. 
To  comprehend  the  motions  of  the  planets  in  this  case,  let  e  and 
1  («/^*  867.)  be  their  positions  at  any  proposed,  conjunction. 
The  angular  motion  of  i  being  three  times  that  of  E,  while  the. 
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latter  moves  from  e  to  b'  throtigh  a  semicircumference,  i  moves 

through  three  semicircumferen* 
ces,  and,  therefore,  through  the 
whole  circumference  u%  and  after 
that  through  the  semicircumfe- 
rence ii',  overtaking  the  exterior 
planet  at  i',  where,  therefore,  thq 
next  conjunction  takes  place.  In 
like  manner,  the  succeeding  con- 
junction will  take  place  at  siE, 
the  next  at  si'e',  and  so  on,  no 
conjunction  being  possible  except 
in  these  two  lines. 
^'S^  «57.  if  ^=  120%  or  a  third  part  of 

the  circumference,  the  conjunctions  will  be  reproduced  con- 
tinually in  three  fixed  directions,  dividing  the  circumference 
into  three  equal  parts.  In  this  case,  3  p  =.p^—  p,  and  therefore 
p'=4p,  and  tssJp'.  To  explain 
the  motion  in  this  case,  let  s  i  e  (/?^. 
868.)  be  the  position  of  the  planets 
at  any  proposed  conjunction.  Let  b 
move  forward  through  120®  to  e'. 
The  angular  motion  of  i  being  four 
times  more  rapid  than  that  of  e,  it 
will  move  in  the  same  time  through 
4  X  120®  =  360®  +  120® ;  that  is,  it 
will  make  a  complete  revolution  and 
120®  more.  It  will,  therefore,  over- 
take the  exterior  planet  at  bi'e', 
120®  in  advance  of  the  last  conjunction.  In  the  same  manner, 
it  may  be  shown  that  the  next  conjunction  will  take  place  in 
the  line  8i"e",  120°  in  advance  of  si'e'.  The  following  con- 
junction will,  in  the  same  way,  take  place  in  the  line  sib, 
120®  in  advance  of  si'^e".  Thus  each  series  of  three  conjunc- 
tions will  take  place  in  the  lines  sib,  si'e',  and  ^i"is!'y  forming 
with  each  other  angles  of  120®;  and  no  conjunctions  can,  under 
the  proposed  condition,  take  place  in  any  other  line. 

If  0=90®,  it  may  be  shown  by  precisely  the  same  reasoning 
thatp'=5p  andT  =  j^p',  and  that  the  conjunctions  will  in- 
variably take  place  in  four  fixed  directions,  at  right  angles  to 
each  other. 
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In  general,  in  order  th&t  the  conjunctions  shall  be  repro- 
daced  in  any  proposed  number  n  of  fixed  directions,  it  will  be 
necessary  that  the  period  f'  shall  be  exacdj  ft  +  1  tines  the 
period  p.  In  that  case  the  sjrnodic  time  t  will  be  n  ti»es  f'; 
and  the  fixed  directions  in  which  the  oonjunctioos  will  soooeed 
each  other,  will  divide  the  circumference  into  equal  arcs  or 

Of2AO 

angles,  the  magnitude  of  which  wiH  be • 


3253.  Effects  of  the  disturbing  force  in  eases  of 
surable  periods, — It  follows  from  what  has  been  ezplaiiied 
(3249.),  that  in  such  cases  the  effects  of  the  disturbii^ 
force  would  accumulate  indefinitely,  withemt  ccMnpeasation  or 
with  imperfect  compensation,  through  an  indefinite  aoooe^ioa 
of  synodic  revolutions.  If,  for  example,  p's  2  p,  and  therefore 
the  conjunctions  would  idways  take  place  in  the  same  line,  the 
line  of  conjunctions  being  always  inclined  to  the  line  of  apsides 
at  the  same  angle,  the  effect  of  the  disturbing  force  on  th^ 
several  elements,  in  a  synodic  revolution  would  be  always 
exactly  the  same,  and  would,  therefore,  accumulate  indefinitely 
from  revolution  to  revolution. 

If  p'=  3p,  the  lines  of  conjunction  would  have  three,  and 
only  three,  different  positions  in  relation  to  the  line  of  apsides ; 
and  although  the  effects  of  the  disturbing  force  in  a  synodic 
revolution  in  these  three  positions  would  be  different,  and  some 
of  them  would  necessarily  have  contrary  signs,  and  would 
produce,  therefore,  more  or  less  compensation,  such  compensa- 
tion would  be  imperfect ;  and  after  each  series  of  three  con- 
junctions, a  residual  inequality  would  remain,  affecting  each 
of  the  elements  which,  as  before,  would  accumulate  indefinitely 
during  an  indefinite  succession  of  synodic  revolutions. 
.  In  the  same  manner,  if  p^  were  any  other  exact  multiple  of 
p,  the  series  of  conjunctions  which  would  take  place  in  the 
directions  of  the  fixed  lines  dividing  the  circumference  into 
equal  parts  would  still  be  imperfectly  compensatory,  and  rcf 
sidual  quantities  would,  as  before^  remain  uneffaced,  which 
would  accumulate  indefinitely. 

In  order  that  the  conjunctions  should  take  place  always  in 
certain  fixed  directions,  it  is  not  necessary  that  the  periodic  time 
of  the  exterior  planet  should  be  an  exact  multiple  of  that  of  the 
interior.  The  same  will  happen,  if  juiy  exact  multiple  of  one 
of  the  periods  be  exactly  equal  to  an  exact  multiple  of  th^ 
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other,  or,  in  other  words,  if  the  periods  be  commensurable. 
Thus,  if  2  p'  =  5  p,  it  is  evident  that,  counting  from  the  epoch 
of  unj  one  conjunction,  another  will  arrive  in  exactly  the  same 
place  after  every  two  complete  revolutions  of  £,  and  every  five 
of  I.  But,  between  these  others  will  take  place  at  fixed  inter* 
mediate  positions,  for  we  should  have 


=  o5 


P'_P       5-2  ""3^ 
and  consequently, 

^  =  860^  X  J  =  240^ 

In  this  case,  the  lines  of  conjunction  would  be  distributed 
in  the  same  manner  as  when  p'=4p,  but  the  conjunctions 
would  not  follow  in  precisely  the  same  manner.  After  the 
conjunction  which  takes  place  in  the  line  s  i  £  (Jig,  858.),  would 
succeed  that  which  takes  place  in  the  line  s  i''  e",  and  the  third 
of  the  series  would  take  place  in  the  line  s  i'  e'  ;  the  fourth, 
or  the  first  of  the  next  series,  taking  place  in  the  line  s  i  £. 

By  pursuing  this  method  of  reasoning,  it  will  be  easily  seen 
that,  in  all  cases  in  which  the  periods  of  the  two  planets  would 
be  in  the  exact  ratio  of  two  whole  numbers  m  and  n,  the 
conjunctions  would  invariably  succeed  each  other  in  certain 
fixed  lines.     We  should,  in  effect,  have 

£'  _  m        p     _      n      ^ 
P  ""  n^'    p'— p  ""  m  — n  ' 

and  consequently, 

^  =  360  X  ; 

and  since  m  and  n  are  whole  numbers,  this  would  give  the 
magnitude  of  the  angles  into  which  the  fixed  directions  of  the 
lines  of  conjunction  would  divide  360**. 

It  is  evident  that,  although  complete  compensation  could  not 
take  place  between  the  efiects  of  the  disturbing  force  upon  the 
elements,  so  long  as  the  line  of  conjunction  is  limited  to  fi:^^ 
directions,  their  approach  to  compensation  is  closer  and  closer 
the  more  multiplied  are  the  directions  which  the  line  of  con- 
junction can  assume. 

3254.  Pianets  present  no  case  o/ commensurable  periods^  but 
Mome  nearly  so,  —  By  reference  to  the  table  of  periodic  times 
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of  the  planets  (2984.),  it  will  be  seen  no  ctse  is  presented  in 
the  solar  system,  in  which  the  periods  of  two  planets  are 
exactlj  commensurable;  but  as  several  cases  are  found  in 
which  there  is  an  approach,  more  or  less  dose,  to  that  con- 
dition,  it  will  be  convenient  to  investigate  the  effects  which, 
in  general,  the  disturbing  force  would  produce  in  their  ap- 
proximate commensurability. 

When  the  periods  are  nearlj  commensurable,  the  snecesdve 
positions  of  the  line  of  conjunction  will  necessarilj  be  before 
or  behind  the  positions  which  it  would  assume  in  the  case  of 
exnct  commensurability  hy  a  certain  angular  distance,  which 
will  be  less  or  greater  according  as  the  periods  depart  less  ot 
more  from  exact  commensurabilitj. 

Suppose,  for  example^  that  in  the  case  of  exact  commensura- 
bility  the  positions  of  the  lines  of  conjunction  after  each  series 
of  three  synodic  revolutions  were  sik,  si'k',  and  si"!^',  as  re- 
presented in  ^.  858.,  and  suppose  that  the  deviation  of  the 
periods  from  exact  commensurability  is  such  that  the  second 
conjunction,  instead  of  taking  place  at  e',  shall  take  place  at  a'. 
If  a"  -ef'  =  2  a'  £',  the  third  conjunction  will  take  place  at  a"\ 
and  if  E  a'"  =  3  e'  a\  the  next  conjunction  will  take  place  at 
a!"^  and  so  on. 

If,  then,  the  distance  a'  e'  be  very  small,  which  it  will  be  if 
the  periods  are  very  nearly  commensurable,  the  lines  of  con- 
junction, though  not  rigorously  in  fixed  directions  will,  for  a 
considerable  number  of  successive  synodic  revolutions,  crowd 
about  those  fixed  directions  which  they  would  have  rigorously 
assumed  if  the  commensurability  had  been  exact,  and  during 
that  interval,  which,  when  the  synodic  time  is  of  much  length, 
will  be  of  great  duration,  nearly  the  same  inequality  will  be 
produced  by  the  want  of  compensation  in  the  efiects  of  the  dis- 
turbing force  as  if  the  directions  of  the  line  of  conjunction 
were  fixed. 

But,  however  small  the  advance  a!  e'  of  the  line  of  conjunc- 
tion in  each  synodic  revolution  may  be,  its  continued  accumu- 
lation through  a  long  succession  of  synodic  revolutions  will 
carry  that  line  at  length  round  the  whole  circumference,  caus- 
ing it  in  slow  but  regular  and  inevitable  succession  to  take  all 
directions  with  relation  to  the  lines  of  apsides  of  the  two  orbits. 
When  it  has  made  half  a  revolution,  or  revolved  through  180®, 
it  will  have  precisely  the  opposite  position  with   relation  to 
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these  lines,  and  the  disturbing  force  will  produce  contrary 
effects  upon  the  elements  of  the  disturbed  orbit ;  and  while  the 
line  of  conjunction  revolves  through  the  other  half  revolution, 
the  disturbing  force,  for  like  reasons,  produces  a  series  of  effects 
on  the  elements  which  are  the  opposite  to  those  it  produced 
during  the  first  half  revolution. 

3255.  Long  inequctlities.  Hence  obviously  arise  a  group  of 
inequalities,  affecting  the  elements  severally  of  the  disturbed 
orbit,  the  periods  of  which  will  correspond  with  the  revolution 
of  the  line  of  conjunction. 

What  has  been  said  of  the  varying  position  of  the  line  of 
conjunction  in  relation  to  the  line  of  apsides,  will  affect  the 
inequalities  of  the  major  axis,  the  motions  of  the  apsides,  and 
the  excentricity.  The  varying  position  of  the  same  line  with 
relation  to  the  line  of  nodes,  will  in  like  manner  affect  the 
motion  of  that  line  and  the  variation  of  the  inclination. 

Having  thus  explained  in  general  the  principle  which  deter- 
mines the  successive  phases  of  the  lonq  inequalities  of  the 
planets,  we  shall  now  briefly  notice  some  of  the  most  remarkable 
of  these  phenomena. 

3256.  Long  inequality  of  Jupiter  and  Saturn.  By  (2984.) 
Table  II.  it  will  be  seen  that  the  periodic  times  of  Saturn  and 
Jupiter  are 

p'  =  10759-2198.    p  =  4332-5848, 

and  consequently 

^  =  2-48325  =  I  -  0-01675, 

from  which  it  appears  that  five  times  the  period  of  Jupiter, 
exceeds  twice  that  of  Saturn  by  a  small  fraction.  Now,  if 
2  p'  were  exactly  equal  to  5  p,  the  conjunctions  would  inva- 
riably take  place  in  three  lines  at  angles  of  120°  (3253.).  But 
since 

A  =  360°  X  -^  =  242-7°, 
^  p'—  p 

it  follows  that  in  the  series  of  three  successive  conjunctions  in 
which  the  line  would  assume  the  three  directions  at  angles 
of  120°,  if  the  periods  were  exactly  commensurable,  it  ad- 
vances beyond  these  directions  successively  by  the  angles,  2*7°; 
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2.70  X  2  =  5-4®  and  2-7x3  =  8*1^  so  that,  after  making  a 
single  revolution  in  three  synodic  periods,  it  advances  8- 1  *  be- 
yond its  first  position  ;  and  as  it  will  continue  to  advance  at 
the  same  rate,  in  every  three  synodic  periods  it  wiU  make  a 
complete  revolution  in     >. 


^  =  44-44  X  T. 
81 

But  the  synodic  period  is 

T  =  ^^  =  7253-3  days; 
p'— p 

and  therefore  the  time  of  a  complete  revolution  of  the  line  of 
conjunction  will  be 

days.         yeare. 
7253-3  X  44-44  =  322666  =  8832; 

an  interval  which  is  equal  to  29-96  revolutions  of  Saturn  and 
to  74-405  revolutions  of  Jupiter.* 

3257.  Feriodof  this  inequalUi/ about  SSO  years. — It  followg, 
therefore,  from  what  has  been  explained,  that  the  line  of  con- 
junction of  these  planets  revolving  from  a  given  direction  to 
one  diametically  opposite  in  about  440  years,  and  then  com- 
pleting its  revolution,  and  returning  to  its  original  direction  in 
the  next  440  years,  a  series  of  inequalities  will  be  produced 
upon  the  elements  of  the  two  orbits,  which  will  go  on  increas* 
ing  or  decreasing  for  a  period  of  440  years,  and  will  undergo 
the  contrary  variation,  decreasing  or  increasing  during  the 
succeeding  440  years. 

As  already  observed,  however,  it  must  not  be  assumed,  in 
this  or  any  like  case,  that  the  compensation  produced  by  the 
contrary  effects  in  the  two  intervals  is  necessarily  complete, 
and  tliat  the  increase  effaces  completely  the  decrease,  or  vice 
verscL,  Such  a  perfect  equilibrium  between  the  effects  of  the 
perturbations  rarely  takes  place. 

3258.  Its  effect  upon  the  major  axes  and  periods, —  One  of 
the  long  inequalities  resulting  from  this  relation  between  the 

*  The  Astronomer  BojaJ,  in  his  tract  on  Grayitation,  gives  855  yeare  fen- 
this  inten-al,  but  observes  that  the  numbers  are  not  quite  exact,  the 
ratio  of  29  to  72,  which  he  takes  as  that  of  the  periodic  times,  not  being 
quite  accurate. 
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mean  motions  of  the  planets,  affects  the  migor  axes  of  their 
orbits,  and  consequently  their  periodic  times.  The  major  axis 
of  one  orbit  increases,  and  that  of  the  other  decreases,  con« 
tinually  for  440  years,  and  during  the  next  440  jears  the  former 
decreases,  and  the  latter  increases.  The  consequence  of  this  is 
that  the  mean  motion  of  one  planet  continually  increases,  and 
that  of  the  other  continually  decreases,  during  periods  of  440 
years.  Although  the  changes  produced  upon  the  axes  from 
this  cause  are  so  minute  as  to  be  scarcely  appreciable,  that  of 
Saturn's  orbit  amounting  when  greatest  to  only -the  1350th, 
and  that  of  Jupiter*s  to  the  8550th  part  of  its  length,  the  effects 
produced  upon  the  motions  of  the  planets  are  very  considerable, 
the  place  of  Saturn  being  affected  to  the  extent  of  48',  and  that 
of  Jupiter  to  21'.  The  greatest  inequality  of  any  other  planet 
does  not  affect  its  place  to  a  greater  extent  than  8^ ;  and  those 
which  are  within  Jupiter's  orbit  are  much  less  affected,  being 
never  removed  from  their  mean  place  by  so  much  as  half  a 
minute. 

3259.  Its  effects  upon  the  excentricities.  —  It  appears  that, 
during  the  interval  in  which  the  line  of  conjunction  moves 
through  120°,  the  excentricity  of  each  of  the  two  orbits  in- 
creases, attains  a  maximum  magnitude,  and  then  decreases. 
The  effect  produced  upon  the  planet's  distance  from  the  sun  by 
the  change  of  excentricity  is  much  more  considerable  than  the 
effect  produced  by  the  change  in  the  magnitude  of  the  major 
axis.  In  the  case  of  Jupiter  it  amounts  to  the  1230th  part  of 
the  entire  distance,  and  in  the  case  of  Saturn  to  the  314th  part. 

3260.  £ffect  on  the  direction  of  the  apsides. — The  effect 
upon  the  motion  of  the  apsides  is  subject  to  a  like  period.  A 
progressive  motion  is  imparted  to  them  for  440  years,  and  a 
regressive  motion  for  the  next  440  years.  Between  this  motion 
of  the  apsides  and  the  variation  of  the  excentricity  of  each 
orbit,  there  is  a  necessary  relation ;  the  excentricity  of  each 
orbit  having  its  mean  value,  when  the  progressive  or  regressive 
motion  of  the  apsides  has  attained  its  limit;  and  when  the 
excentricity  is  at  its  maximum  or  minimum,  the  apsides  arrive 
at  their  mean  places. 

This  long  inequality  of  Jupiter  and  Saturn  is  a  phenomenon 
of  considerable  historical  celebrity  and  interest,  owing  to  the 
apparent  irregularity  which  it  explained,  having  been  observed 
long  before  its  cause  was  discovered,  and  having  given  great 
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perplexity  to  astronomers.  Its  cause  was  demonstrated  and  tbe 
whole  character  and  law  of  the  phenomenon  explained  bj 
Laplace,  in  1785. 

3261.  Long  inequcdUy  cf  Venui. — ^Next  to  that  which  has 
been  just  noticed,  the  most  remarkable  inequality  of  this  class 
is  the  long  inequality  of  Venus,  arising  from  the  near  commen* 
surability  of  the  periods  of  that  planet  and  the  Earth.  If  r' 
and  p  express  these  periods,  we  shall  have  (2984.) 


F  ""  224-701  8 

Thus,  13  p  exceeds  8  p'  by  0-004  p,  that  is,  by  the  250ih  part 
of  P. 

To  determine  the  value  of  ^  we  have 

A  =  360'  X  — 1-r.  =  675-530  =  576^  — 047^ 
^  0'625o 

But  if  8  p'  were  exactly  equal  to  13  p,  each  successije  con- 
junction would  take  place  576''  in  advance  of  the  last ;  and  since 
576''  =  3  X  180""  +  36'',  it  follows  that  in  this  case  the  line  ol 
each  successive  conjunction  would  be  36^  in  advance  of  that 
point  diametrically  opposite  to  the  last  conjunction.  By  follow-* 
ing  this  out  it  will  be  seen,  that  five  successive  conjunctions 
would  take  place  in  lines,  dividing  the  whole  circumference  into 
five  equal  angles  of  72^^  But  in  consequence  of  8  p'  being  a 
little  greater  than  13  p,  the  line  of  each  successive  conjunction 
will  fall  0*47**  behind  the  place  it  would  occupy  if  the  periods 
were  exactly  commensurable.  By  the  continued  accumulation 
of  this  deviation,  the  line  of  conjunction  will  take  successively 
all  positions  round  the  circumference,  shifting  its  direction 
through  0*47®  in  each  synodic  period.  To  determine  the  time 
in  which  it  will  make  a  complete  revolution,  it  is  only  necessary 
to  divide  72^  by  0*47,  and  multiply  the  quotient  by  the  synodic 
period.     This  gives 

^^  ^  f      =  89462  =  244-9.* 
0-47 

This  inequality,  the  discovery  of  which  is  due  to  the  genius 
and  research  of  the  Astronomer   Royal,  notwithstanding  the 

*  According  to  the  Astronomer  Boyal,  289  years. 
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long  interval  of  its  accumulation,  does  not  exceed,  even  at  ltd 
maximum,  a  few  seconds  ;  and  affords  a  striking  example  of 
the  degree  of  precision  to  which  our  knowledge  of  the  planetary 
motions  has  been  carried  bj  the  application  of  the  principles  of 
the  theory  of  gravitation. 

3262.  Other  long  inequaliHes.  —  There  are  several  other 
inequalities  of  this  class,  incidental  to  the  other  planets,  which 
need  only  be  indicated  here,  their  investigation  and  exposition 
being  precisely  similar  to  these  already  explained.  Thus  in 
the  case  of  Mercury  and  the  Earth 
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so  that  the  one  period  is  but  a  little  more  than  four  times  the 
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In  each  of  these  cases  long  inequalities  are  produced,  the 
periods  of  which  may  be  determined  by  the  method  already 
explained. 

3263.  Long  inequaliHes  of  the  nodes  and  inclination. — The 
variation  of  the  motion  of  the  line  of  nodes  and  of  the  magni- 
tude of  the  inclination,  consequent  upon  the  changes  of  posi- 
tion of  the  line  of  conjunction,  in  all  cases  of  near  commensu- 
rability  of  the  periods,  are  so  exactly  similar  to  the  changes 
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already  explained,  of  the  Tine  of  apsides  and  the  excentricitjy 
that  it  is  onlj  necessary  here  to  observe  that,  muiatis  uttc- 
tandis,  all  that  has  been  explained  of  the  one  is  applicable  to 
the  other. 

3264.  Secular  inequalities. —  The  inequalities  noticed  in 
the  preceding  paragraphs,  have  been  exclasivelj  those  whose 
periods  are  determined  bj  the  variation  of  the  relative  poai- 
tions  of  the  disturbing  and  disturbed  planets,  or  by  what  has 
been  called  their  configuration ;  and  which  are  denominated 
periodical  inequalities,  not  because  all  other  inequalities  are 
not  also  periodical,  but  because  the  periods  of  the  former  are 
of  much  more  limited  length,  and  except  in  the  case  of  the 
long  inequalities,  such  as  may  be  in  general  completed  within 
the  limits  of  astronomical  records.  The  other  class  of  inequa- 
lities are  those  which  arise  from  the  continual  accumulation  of 
the  residual  phenomena,  which  remain  uncompensated  after 
the  disturbing  and  disturbed  bodies  haTC  passed  through  all 
their  phases  of  configuration,  and  recommence  to  pass  through 
a  like  series  of  relative  positions;   these  are  the  seculab 

INEQUALITIES. 

3265.  Secular  constancy  of  the  major  axes, — No  result  of 
the  researches  of  mathematicians  in  physical  astronomy  has 
excited  so  great  and  so  just  admiration,  as  the  discovery  of  the 
fact  that,  although  the  major  axes  of  the  orbits  of  the  planets 
are  subject  to  small  periodical  variations,  which  cause  their 
periodic  times  and  mean  motions  to  oscillate  within  narrow 
limits  round  certain  mean  values,  yet  that  the  mean  values 
of  these  axes  are,  in  the  long  run,  rigorously  invariable  and 
subject  to  not  the  slightest  variation  from  age  to  age,  and 
cannot  be  subject  to  any,  so  long  as  the  solar  system  is  not 
interfered  with  by  any  agencies,  save  those  which  have  play 
among  the  bodies,  great  and  small,  which  compose  it. 

The  importance  of  this  theorem,  and  the  interest  with  which 
its  complete  demonstration  must  be  regarded,  will  be  under- 
stood when  it  is  considered  that,  upon  the  magnitude  of  the 
major  axis  of  the  orbit  of  a  planet  depends  the  apparent  motion 
of  the  sun  as  seen  from  the  planet,  and  the  average  supply 
of  light  and  warmth  received,  in  a  given  time  from  that  lu- 
minary. Any  continued  and  accumulated  change  in  the  miyor 
axis,  such  as  would  necessarily  result  from  a  secular  inequality 
affecting  it,  would  not  only  subvert  the  physical  conditions  to 
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which  the  organisation  of  the  races  which  inhabit  the  planets 
are  adapted,  but  would  destroy  the  great  landmarks  of  chro- 
nology, and  deprive  the  heavenly  bodies  of  some  of  their  most 
important  uses. 

A  wise  provision  in  the  physical  structure  and  laws  of  the 
system  has,  however,  rendered  such  derangements  impossible, 
by  making  all  the  periodical  perturbations  to  which  the  migor 
axes  of  the  planetary  orbits  are  subject,  rigorously  compen- 
satory. 

First  The  effects  of  the  radial  component  of  the  disturbing 
force  of  one  planet  exerted  upon  another  after  they  have  passed 
through  all  possible  configurations  are  rigorously  compen- 
satory. 

If  the  disturbing  planet  be  exterior,  the  radial  component 
being  alternately  positive  and  negative,  will  on  the  whole 
produce  a  negative  effect,  the  aggregate  of  its  negative  actions 
exceeding  those  of  its  positive.  It  will,  therefore,  on  the 
whole  diminish  the  average  effective  central  attraction.  In 
like  manner,  if  the  disturbing  planet  be  interior  to  the  dis- 
turbed, its  results  on  the  whole  will  be  to  augment  the  average 
effective  central  attraction.  In  the  one  case,  the  mean  distance 
or  major  axis  which  corresponds  to  the  periodic  time  by  the 
harmonic  law  will  be  greater,  and  in  the  other  case  less,  than  it 
would  be  in  the  absence  of  the  disturbing  force ;  but  in  both 
cases,  so  long  as  the  mean  effective  central  attraction  remains 
the  same,  the  mean  value  of  the  major  axis  of  the  orbit  will  be 
invariable. 

If  we  take  an  interval  of  time  so  great  that  each  of  the 
planets  will  have  assumed,  with  relation  to  the  other,  every 
possible  relative  position,  it  will  follow  that  the  mean  value  of 
the  radial  component  of  the  disturbing  force  corresponding  to 
any  proposed  point,  P,  of  the  orbit  of  the  disturbed  planet, 
during  such  interval,  will  be  found  by  taking  a  mean  of  the 
radial  components  of  all  the  disturbing  forces  exerted  by  the 
disturbing  planet  in  all  the  points  M  of  its  orbit  upon  the  dis- 
turbed planet  at  the  proposed  point  $  for  at  one  time  or  other 
in  the  assumed  interval,  provided  it  be  sufficiently  great,  the 
disturbing  planet  must  have  been  found  at  each  of  the  points 
of  its  orbit,  the  disturbing  planet  being  at  the  same  moment  at 
p.  If,  then,  we  imagine  the  radial  components  of  the  disturb- 
ing force  exerted  by  the  planet  m,  at  each  of  the  points  of  its 
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orbit  upon  the  disturbed  planet  at  the  point  p,  and  if  we  take 
the  mean  of  all  these  components  bj  dividing  their  sum  by  their 
number,  the  mean  will  be  the  mean  value  of  the  radial  com- 
ponent of  all  the  disturbing  forces  exerted  by  the  disturbing 
planet  upon  the  disturbed  planet,  when  the  latter  was  found 
at  the  point  p  during  the  assumed  interval.  Now,  it  is  quite 
evident  that  this  mean  value  must  always  be  the  same. 

In  the  same  manner,  the  mean  value  of  the  radial  component 
for  every  other  position  of  the  disturbed  planet  may  be  found, 
and  it  will  be  apparent  that  the  mean  effect  of  the  disturbing 
force  estimated  in  the  direction  of  the  radius  vector  at  each 
point  of  the  orbit  of  the  disturbed  planet,  is  always  the  same, 
and  consequently  the  effect  produced  by  this  component  on  the 
major  axis  is  always  the  some.  So  far,  therefore,  as  relates  to 
this  component  of  the  disturbing  force,  the  mean  value  of  the 
major  axis  taken  in  an  interval  of  time  so  great  that  the  two 
planets  will  have  assumed  with  relation  to  each  other  every 
possible  position  in  it,  is  subject  to  no  ultimate  variation. 

Secondly,  The  effects  of  the  tangential  components  are  most 
easily  explained,  by  considering  the  whole  attractive  forces 
which  the  disturbing  planet  exerts  upon  the  sun  and  upon  the 
disturbed  planet.  It  will  be  remembered,  that  the  disturbing 
force  exerted  by  h  on  p,  is  the  resultant  of  the  attractive  force 
exerted  by  h  on  p  and  a  force  exerted  on  p,  equal  and  opposite 
to  the  attractive  force  which  m  exerts  on  s.  Now,  if  we  take 
M  successively  at  every  point  of  its  orbit,  and  find  its  attractive 
force  on  s,  it  will  be  apparent  that  the  resultant  of  all  these 
forces  directed  from  s  towards  ic,  will  be  in  equilibrium,  and 
therefore,  compensatory.  It  follows,  therefore,  that  the  forces 
equal  and  opposite  to  those  which  are  assumed  to  act  on  p,  must 
also  be  compensatory. 

It  remains,  therefore,  only  to  investigate  the  total  effects  of 
It's  attraction  on  p,  in  all  the  positions  which  the  two  bodies 
can  assume. 

Let  M  be  supposed  to  be  at  any  given  point  of  its  orbit,  and 
let  p  be  taken  at  every  point  of  its  orbit.  These  are  positions 
which  are  not  successively  assumed  in  the  motions  of  the  two 
bodies;  but  they  are  positions  which  at  some  times  in  the  as- 
sumed interval  they  must  have,  if  that  interval  be  assumed  of 
sufficient  length;  and  as  our  present  object  is  to  obtain  the 
aggregate  effect  of  the  forces  during  the  entire  interral,  the 
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order  in  which  thej  are  exerted  is  immaterial.  Now,  if  p  be 
thus  supposed  to  make  a  complete  revolution  while  m  maintains 
its  position,  it  will  follow,  from  a  general  principle  of  physics, 
that,  when  it  returns  to  its  primitive  place,  after  completing  a 
revolution,  it  will  have  exactly  the  same  orbital  velocity  as 
when  it  started  from  that  place.  It  follows,  therefore,  that  the 
effects  of  the  tangential  component  of  m's  attraction  in  accele- 
rating it  during  its  revolution  must  have  been  precisely  equal 
to  the  effects  of  the  same  component  in  retarding  it  But  it  has 
been  shown  (3154.)  that  every  such  acceleration  produces  an 
increase,  and  every  such  retardation  a  diminution,  of  the  m^jor 
axis  of  the  orbit.  It  follows,  therefore,  that  in  such  a  revolu- 
tion, the  increments  and  decrements  of  the  major  axis  would  be 
equal,  and  a  complete  compensation  would  be  effected. 

Now,  the  same  will  be  true  for  every  position  whatever  which 
H  can  assume  in  its  orbit,  and  it  will  therefore  follow,  that  if, 
while  M  passes  from  point  to  point  of  its  orbit,  with  an  inter- 
mitting motion,  p  makes  a  complete  revolution  during  the  time 
it  stops  at  each  point,  the  result  of  the  total  action  of  all  the 
disturbing  forces  developed  during  such  a  revolution  of  h  on 
the  major  axis  of  p*8  orbit,  would  be  absolutely  compensatory, 
and  consequently  the  major  axis  after  such  a  revolution  will 
have  exactly  the  same  magnitude  it  had  at  its  commencement. 

Now,  it  is  true  that  such  is  not  the  way  in  which  the  two 
bodies  u  and  p  do  actually  move.  The  disturbing  planet  m  does 
not  stop  at  each  point  of  its  path  while  the  disturbed  planet  p 
makes  a  revolution,  and  they  consequently  do  not  assume  the 
various  configurations  in  the  order  here  assigned  to  them.  The 
two  planets  move  and  continue  to  move  simultaneously;  but 
they  do  assume  these  various  configurations,  although  they 
take  place  in  a  different  order  of  succession.  Since,  however, 
that  order  does  not  affect  the  values  of  their  aggregates,  and 
since  the  sum  of  all  the  positive  effects  and  the  sum  of  all  the 
negative  effects  will  still  be  the  same  in  whatever  order  they 
may  take  place,  the  same  perfect  compensation  will  be  realised 
in  the  actual  motions  which  has  been  here  shown  to  take  place 
in  the  supposed  motions. 

It  will  doubtless  be  objected  to  this  reasoning,  that  we  have 
supposed  each  planet  to  make  its  revolution  in  an  orbit  of  fixed 
magnitude  and  form,  without  allowing  for  the  displacement 
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wbich  the  disturbing  force  itself  must  inevitablj  produce  during 
each  reyolution,  which,  though  very  small,  is  not  quite  inappre- 
ciable. This,  however,  has  been  taken  into  the  account  in 
some  mathematical  researches  and  it  does  not  appear  to  afleet 
the  conclusion. 

What  is  true  in  this  reasoning  of  the  effect  of  the  cBaturbing 
force  of  anj  one  planet  upon  another,  will  be  equallj  true  of 
all  the  planets,  primarj  and  secondary,  on  that  other ;  and  it 
may,  therefore,  be  inferred,  in  general,  that  the  major  axes  of 
the  planetary  orbits  are  not  subject  to  any  secular  variation, 
and  that  in  the  course  of  ages  the  periods  and  mean  motions^ 
which  by  the  harmonic  law  depend  on  the  major  axes^  e«a 
never  suffer  any  permanent  change. 

3266.  Secular  variation  of  the  ap§ide$, — It  has  bemi  shown 
that  the  change  of  position  of  the  apsides  in  a  synodic  revolu- 
tion, depends  on  the  position  of  the  line  of  conjunction  widk 
relation  to  the  perihelion  of  the  disturbed  orbit,  but  in  an  in- 
terval of  time  so  long  as  to  allow  the  line  of  conjunction  to 
assume  all  possible  positions,  all  possible  effects  will  be  produced 
upon  the  apsides.  The  magnitude  of  these  effects  will  vary 
with  the  varying  distance  of  the  disturbing  planet  from  the  dis- 
turbed orbit.  The  greatest  effect  ^Yin  obviously  be  produced  at 
those  parts  of  the  disturbed  which  are  nearest  to  the  disturbing 
orbit;  and  in  taking  a  mean  of  all  the  variations  of  the  apsides 
during  the  entire  interval  these  effects  will  predominate,  so  that 
it  may  be  assumed  that  the  final  residual  effect  upon  the  apsides, 
will  be  identical  in  its  character  with  the  effect  produced  in 
those  conjunctions  which  take  place  at  the  points  where  the  two 
orbits  are  nearest  to  each  other. 

The  position  of  these  points  will  evidently  depend  upon  the 
relative  magnitude  of  the  two  m^jor  axes,  their  relative  position, 
and  the  excentricities  of  the  two  orbits. 

If  that  half  of  the  disturbed  orbit,  in  the  middle  of  which  aphe- 
lion is  placed,  be  nearer  than  the  other  half  to  the  orbit  of  the 
disturbing  planet,  the  secular  motion  of  the  apsides  will  be  pro- 
gressive ;  if  it  be  more  remote,  the  motion  will  be  regressive. 
If  the  position  of  the  orbits  be  such  that  both  halves  are  equi- 
distant from  the  orbit  of  the  disturbing  planet,  there  will  be 
no  secular  variation  of  the  apsides. 

The  secular  motion  of  the  apsides  will  continue  to  have  the 
same  direction,  until  their  change  of  relative  position  shall  alter 
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the  conditions  and  render  them  stationary,  or  reverse  the  direc- 
tion of  the  motion. 

3267.  Secular  variation  of  the  excentricity. — The  secular 
effect  of  the  disturbing  force  upon  the  excentricity  of  the  dis- 
turbed orbit  is,  like  that  of  the  apsides,  similar  in  character  to 
the  effect  produced  at  those  points  of  the  disturbed  orbit,  which 
are  nearest  to  the  disturbing  orbit.  The  excentricity  will  ac- 
cordingly, on  the  whole,  either  increase  or  decrease^  or  suffer  no 
change,  according  to  the  position  of  the  perihelion  of  the  dis- 
turbed orbit  at  those  points  where  the  two  orbits  are  in  greatest 
proximity,  and  it  will  continue  to  be  affected  in  the  same 
manner,  until  the  conditions  are  changed  by  the  secular  change 
of  the  apsides. 

At  the  place  where  the  two  orbits  are  in  closest  proximity, 
]>oth  planets  are  in  general  moving  either  from  aphelion  to 
perihelion,  or  the  contrary,  so  that  one  excentricity  is  increas- 
ing and  the  other  decreasing. 

The  secular  variation  of  the  excentricities,  if  it  continued  to 
take  place  in  the  same  way,  either  always  increasing  or  always 
decreasing,  would,  after  a  period  of  time  of  great  length,  but 
still  definite,  so  change  as  to  derange  in  a  serious  degree  the 
economy  of  the  system,  and  to  expose  the  planets  to  sucli  vicis- 
fiitudes  of  temperature  as  would  be  incompatible  with  their  well- 
being,  not  to  mention  other  causes  of  derangement  which  would 
attend  such  changes.  It  is  found,  however,  by  pursuing  the 
inquiry,  and  tracing  the  changes  in  long  periods  incidental  to 
the  excentricity,  that,  slow  and  long  continued  as  these  are, 
they  are  still  periodic,  and  ultimately  compensatory.  After 
varying  in  one  way,  either  by  continual  increase  or  continual 
diminution,  for  many  thousand  years,  each  excentricity  will  at 
a  certain  epoch  cease  to  vary,  and  will  then  begin  to  undergo 
a  contrary  variation,  decreasing  if  it  had  before  increased,  and 
increasing  if  it  had  before  decreased  \  and  this  will  continue 
for  periods  of  like  length  until  it  attain  another  limit  at  which 
it  will  becoming  stationary,  and  so  on  without  end. 

8268.  Secular  variation  of  the  nodes. — The  same  mode  of 
explanation  as  was  adopted  in  the  case  of  the  other  elements, 
will  serve  to  explain  the  secular  variation  of  the  nodes  and 
inclinations.  It  has  been  shown  that  the  components  of  the 
disturbing  force,  which  are  equal,  parallel,  and  opposite  to  the 
planet* s  attraction  on  the  sun,  taken  in  every  point  of  its  orbit, 
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are  exactly  compensatory,  and  maj  therefore  in  this  case  be 
neglected.  If,  then,  the  forces  exerted  by  the  disturbing  planet 
M,  at  all  points  of  its  orbit  upon  p,  at  anj  one  point  of  its  orbit 
be  taken,  it  is  easy  to  see  that  their  resultant  will  be  a  force 
which  will  tend  to  draw  p  from  the  plane  of  its  own  orbit 
towards  the  plane  of  m*s  orbit.  This  will  be  apparent  from  the 
consideration  that  the  total  effect  of  m*8  attraction  will  be  simi* 
lar  in  character  to  its  effect  where  most  intense,  that  is^  at  the 
points  where  the  two  orbits  are  in  closest  proximity.  It  follows^ 
therefore,  that  the  nodes  of  p*s  orbit  must  secularlj  r^ress 
upon  M*s  orbit 

It  is  necessary,  nevertheless,  to  bear  in  mind  that  this  secular 
regression  on  the  orbit  of  the  disturbing  planet  does  not  infer 
its  regression  on  other  places.  A  regression  on  one  place  maj 
cause  a  progresssion  of  the  nodes  of  the  same  orbit  with  another 
plane. 

3269.  Secular  variation  of  the  inclination. — If  the  orbits  of 
both  planets  were  absolutely  circular,  the  periodical  inequalities 
of  the  inclination  would  be  exactly  compensatory,  and  there 
would,  therefore,  be  no  secular  variation  of  that  element ;  for 
in  such  case  at  points  equally  distant  from  the  point  which 
is  most  remote  from  m,  m  exerts  equal  disturbing  forces  on  the 
inclination,  one  tending  to  increase  it>  and  the  other  to  de- 
crease it. 

But  if  the  orbits  be  elliptic,  a  certain  point  can  be  determined 
where  the  effect  of  the  orthogonal  component  of  the  attracting 
force  of  M  on  p  is  greater  than  at  any  other  point,  and  the  total 
effect  produced  on  the  inclination  by  m  taken  in  every  part  of 
its  orbit,  on  p  taken  in  every  part  of  its  orbit,  in  all  positions 
of  the  line  of  conjunction  with  relation  to  the  line  of  nodes, 
will  be  similar  in  character  to  this  maximum  effect ;  and  such 
will  be  the  character  of  the  secular  variation  of  the  inclination. 

The  observations,  however,  which  have  been  made  (3267.), 
respecting  the  limits  within  which  the  secular  variation  of 
the  excentricities  are  confined,  are  equally  applicable  to  the 
inclinations.  These  also,  though  they  may  severally  increase 
continually  (subject  to  their  periodical  oscillations),  for  thou* 
sands  of  years,  will  necessarily  decrease  continually  for  periods 
of  like  duration,  and  the  limits  within  which  this  secular  os« 
dilation  is  confined  are  in  all  cases  extremely  narrow. 

3270,  Laplace^s  theorems  of  the  relations  between  the  excen* 
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iricities  and  inclinations  of  the  planetary  orbits, — The  re- 
searches of  Laplace  have  led  to  the  discoyerj  of  a  beautiful 
mathematical  relation  which  prevails  between  the  excentricities 
and  inclinations  of  the  planetary  orbits,  which  may  be  easily 
comprehended  without  any  profound  mathematical  knowledge, 
although  its  demonstration  does  not  admit  of  exposition  on 
principles  sufficiently  elementary  to  allow  of  its  introduction 
here. 

THEOREM. 

"If  the  numbebs  which  express  the  squabe  of  the 
excentricitt  and  the  square  root  of  the  semi-axis 
major  of  each  of  the  planetary  orbits  be  multiplied 
together,  and  their  product  be  multiplied  by  the  number 
which  expresses  the  mass  of  the  planet,  the  sum  of 
all  such  products  for  all  the  planets  will  always  be 
the  same,  notwithstanding  the  secular  variation  of  the 
bxcentricity." 

This  celebrated  theorem  may  be  conveniently  and  very  con- 
cisely expressed  algebraically  as  follows :  Let  a  express  the 
mean  value  of  the  semi-major  axis.  Let  m  express  the  mass  of 
the  planet,  and  e  the  excentricity ;  let  all  the  axes  and  all  the 
masses  be  expressed  with  relation  to  the  same  unit.  If,  then, 
the  symbol  2  be  used  to  express  the  result  of  the  addition  of 
the  preceding  products  taken  for  the  planets  severally,  we 
shall  have 

S  (m  X  V'  a  X  c^)  =  c, 

and  it  will  be  found  that  this  sum  c  never  has  varied  and  never 
will  vary. 

In  the  same  manner  the  relation  of  the  inclination  is  ex- 
pressed by  the  following 

THEOREM. 

"If  THE  NUMBERS  WHICH  EXPRESS  THE  SQUARE  OF  THE 
TANGENT  OF  THE  INCLINATION  OF  THE  ORBIT  TO  A  FIXED 
PLANE,  AND  THE  SQUARE  ROOT  OF  THE  SEMI-AXIS  MAJOR 
OF  EACH  OF  THE  PLANETARY  ORBITS,  BE  MULTIPLIED  TOGE- 
THER,   AND    THEIR    PRODUCT    BE   MULTIPLIED    BY   THE   NUMBER 
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WHICa  BXPRX8SSS  TUB  MASS  OF  THE  TUlKET,  THR  817K  OF 
ALL  SUCH  PRODUCTS  FOR  ALL  THB  PLANETS  WILL  ALTWATB  BE. 
THE  8AMR,  NOTWITH8TAKDIKO  THE  SECULAR  VARIATION  OF  TBS 
UCCUNATIOK.* 

If  I  express  the  inclination,  this  theorem  may  in  like  manner 
be  expressed  thus, 

2  (m  X  V'  a'x  tav?  i)  =  c\ 

and  it  will  be  foand  that  o'  never  has  and  never  will  vary. 

It  was  shown  in  a  paper  bj  the  author  of  this  volume,  read 
before  the  Astronomical  Society,  that  if  the  present  position  of 
the  plane  of  the  ecliptic  be  taken  as  the  fixed  plane  of  reference, 
the  values  of  these  sums  will  be 

C  =  0-00000827941 
c'  =  0-00000314170. 

827 1.  Conservaiive  in/iuence  erraneautfy  aseribed  $o  these 
theorems, —  These  theorems  have  been  represented  by  astro- 
nomical writers  generally  as  affording  a  complete  security 
against  any  undue  secular  increase  of  the  excentricities  or  in- 
clinations of  the  planetary  orbits.* 

It  has  been  shown,  however,  in  the  memoir  already  referred 
to,  by  the  author  of  this  volume,  that,  except  so  far  as  relates  to 
the  major  planets,  these  theorems  have  no  such  conservative 
influence,  and  that  the  excentricities  and  inclinations  of  the 
terrestrial  planets,  for  anything  contained  in  these  formulae, 
might  increase  to  an  extent  which  would  utterly  derange  the 
economy  of  the  system. 


*  See,  for  example,  Herschel,  Outlines  of  Astronomy,  ed.  1849,  p.  405. 
452.  ^  Gb-ant,  History  of  Astronomy^,  chap.  iv.  p.  55. 
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CHAP,  XXIV. 

TH£OBT  or  8PHSB01DAL  PCBTI7BBATIOK8. 

3272.  Attraction  of  planets  would  be  central  if  their  forms 
were  exactly  spherical,  —  In  the  preceding  investigations  of 
the  effects  of  the  reciprocal  attractions  of  the  bodies  composing 
the  solar  system,  the  attraction  exerted  by  each  of  these  upon 
the  others,  is  considered  to  emanate  from  its  centre  in  all  di- 
rections around  it,  as  luminous  rays  would  from  a  radiant 
point.  This  would  be  strictly  true  if  the  gravitating  bodies 
were  all  spherical ;  since  it  is  a  property  of  a  sphere  that  the 
matter  composing  it,  supposing  it  to  be  either  uniformly  dense, 
or  to  have  a  density  varying  according  to  some  fixed  law  de- 
pending  on  the  distance  from  the  centre  of  the  mass,  exercises 
on  all  distant  bodies  exactly  the  same  attraction  as  if  its  entire 
mass  were  concentratrated  at  its  centre. 

But  if  the  attracting  body  be  not  spherical,  this  will  not  be 
true ;  and  accordingly  the  attraction  exerted  by  any  such  body, 
must  be  investigated  with  especial  reference  to  its  form. 

3273.  Disturbing  forces  consequent  on  spheroidal  forms.  — 
Now,  although  the  planets  generally,  including  the  earth,  are 
very  nearly^  they  are  not  exactly,  spherical,  as  has  been  already 
explained.  The  ellipticity  of  these  spheroids,  though  too  in- 
considerable to  produce  any  sensible  effect  upon  their  mutual 
attractions,  or  to  require  to  be  taken  into  account  in  any  ana- 
lysis of  their  perturbations,  is  nevertheless  sufficient  to  pro- 
duce very  sensible  effects  on  the  mutual  attractions  of  the 
spheroidad  planets  and  their  satellites,  and  even  upon  the 
phenomena  resulting  from  the  central  attraction  of  the  sun 
exerted  upon  them. 

These  effects  are  manifested  in  the  motions  of  the  planets 
themselves  by  periodical  changes  in  the  position  of  their  axes 
of  rotation,  and  in  their  satellites  by  similar  changes  in  the 
elements  of  their  orbits. 

It  is  these  effects  that  we  denominate  spheroidal  inequa- 
lities, the  name  indicating  their  physical  cause. 

H  H   6 
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3274.  Effects  which  would  be  produced  if  a  saUUite  were 
attached  to  the  surface  of  the  earth  at  the  equator.  —  If  the 
earth  were  attended  hj  a  second  satellite,  revolving  close  to  its 
surface  and  in  the  plane  of  its  equator,  its  periodic  time  would 
be  less  than  that  of  the  moon,  in  a  ratio  which  is  easily  ascer- 
tained by  the  harmonic  law.  Let  m  express  the  moon's  period, 
r^  its  distance,  p  the  period  of  such  a  satellite  as  is  here  sup- 
posed, and  r  its  distance  from  the  earth's  centre.  We  sboold 
then  have 

But  since  the  supposed  satellite  is  close  to  the  sarface,  its 
distance  from  the  centre  is  the  earth's  semidiameter ;  and  since 
the  moon's  distance  is  sixty  semidiameters  of  the  earth,  we 
shall  have 

r»_   1 

and  since  m  =  655-73  hours  (2470.),  it  follows  that  />  =  3-613 
hours. 

Such  a  satellite  would  be  subject  to  the  disturbing  action  of 
the  sun,  which  would  produce  in  its  orbit  inequalities  similar 
in  kind  to,  but  different  in  magnitude  from,  those  produced  by 
the  sun's  disturbing  force  on  the  moon's  orbit.  Its  nodes,  that 
is,  the  equinoxial  points  (inasmuch  as  its  orbit  is  by  the  suppo- 
sition the  plane  of  the  equator),  would  receive  a  slow  regres- 
sive motion ;  and  its  inclination,  that  is,  the  obliquity  of  the 
ecliptic,  would  be  subject  to  a  variation  whose  period  would 
depend  on  that  of  the  successive  returns  of  the  sun  to  the  same 
equinoxial  point. 

This  satellite  would  also  be  subject  to  the  disturbing  action 
of  the  moon,  which  would  affect  it  in  a  manner  nearly  similar ; 
since,  in  that  case  also,  the  disturbing  body  would  be  exterior 
to  the  disturbed.  It  would  impart  to  the  line  of  nodes  of  the 
supposed  satellite,  that  is,  to  the  intersection  of  the  plane  of 
its  orbit  with  the  plane  of  the  earth's  equator,  a  retrograde 
motion  upon  the  former  plane ;  and  since  that  plane  is  inclined 
at  a  very  small  angle  to  the  plane  of  the  ecliptic,  this  would 
produce  a  like  retrograde  motion  of  the  equinoxial  points  upon 
the  ecliptic. 
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A  variation  of  the  inclination  of  the  plane  of  the  equator  to 
that  of  the  moon*s  orbit,  and,  therefore,  to  the  plane  of  the 
ecliptic,  would  also  be  produced,  the  period  of  which  would 
depend  on  the  moon's  motion. 

But  the  moon's  orbit  would  also  be  disturbed  bj  the  attrac- 
tion of  the  supposed  satellite.  A  regressive  motion  would  be 
imparted  to  the  line  in  which  the  plane  of  its  orbit  intersects 
that  of  the  equator,  and  a  periodical  variation  of  inclination 
would  likewise  be  produced,  depending  on  the  period  of  the  sup- 
posed satellite. 

Let  us  now  imagine  that  the  supposed  satellite,  instead  of 
revolving  in  3*613  hours,  moves  with  a  much  slower  motion, 
and  revolves  in  23  hours  and  56  minutes,  the  time  of  the  earth's 
rotation.  The  inequalities  which  it  suffers  and  which  it  pro- 
duces, will  then  be  changed  only  in  their  magnitudes  and  periods, 
but  will  retain  the  same  general  character.  But  the  supposed 
satellite  now  having  the  same  motion  precisely  as  the  surface  of 
the  earth  close  to  which  it  is  placed,  maj  be  imagined  to  adhere 
to  that  surface,  so  as  to  form,  in  fact,  a  part  of  the  earth,  with- 
out in  any  way  deranging  the  conclusions  which  have  been  de- 
duced above. 

3275.  Like  effects  would  he  produced  by  any  number  of 
such  satellites,  or  what  would  be  equivalent^  by  the  spheroidal 
form,  —  But  the  same  observations  would  be  equally  applicable 
to  any  number  of  satellites  similarly  placed  and  similarly  mov- 
ing, which  might,  therefore,  be  imagined  to  be  successively 
attached  to  the  surface  of  the  globe  at  and  near  the  equator, 
until  such  a  protuberance  would  be  formed  upon  it,  as  would  in 
effect  convert  it  into  the  form  of  an  oblate  spheroid,  such  as  the 
form  of  the  earth  is  known  to  be. 

It  is,  however,  to  be  further  considered,  that  the  effects  of  the 
disturbing  forces  which  thus  act  upon  this  protuberant  matter, 
are  necessarily  modified  by  the  inertia  of  the  spherical  mass 
within  it,  to  which  it  is  imagined  to  be  attached.  The  protu- 
berant mass  which  alone  is  acted  on  by  the  disturbing  forces, 
cannot  obey  any  action  of  these  forces,  without  dragging  with 
it  this  vast  spherical  mass  to  which  it  is  united.  The  motions 
and  changes  of  motion,  therefore,  which  it  receives,  will  be  ren- 
dered slower  in  proportion  to  the  mass  with  which  such  motions 
must  be  shared. 

I'hese  observations  are  obviously  applicable  equally  to  any  of 
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the  other  pUnetfl,  which  being  attended  hj  latellitee  hare  the 
spheroidal  form.  This,  as  has  been  already  explained^  is  the 
case  with  Japiter  and  Satam,  and  would  probablj  be  found  to 
prerail  equally  in  the  cases  of  the  other  migor  planets. 

8276.  Preeession  of  the  eqmnoxei. — Since,  therefore,  wa  maj 
consider  the  spheroidal  protuberance  aroond  the  terreatrial 
equator  as  a  satellite  attached  to  the  earth,  it  will  follow  that 
the  general  effect  of  the  sun's  disturbing  foroe  acting  upon  it^ 
will  be  to  impart  to  its  nodes,  that  is,  to  the  equinozial  points^ 
a  retrograde  motion,  which  will  be  much  slower  than  that  which 
thej  would  receire  from  the  same  cause,  if  this  protuberant 
matter  were  not  compelled  to  carrj  with  it  the  mass  of  the  earth 
contained  within  it 

The  moon  exercises  a  like  disturbing  force  which  produces  a 
like  regression  of  the  nodes  of  the  equator  on  the  oiooa's 
orbit ;  and  that  orbit  being  inclined  at  a  small  angle  to  the 
ecliptic,  this  is  attended  with  alike  regression  of  the  equinoxial 
points* 

The  mean  annual  regression  of  the  equinoxial  points  upon 
the  plane  of  the  ecliptic  arising  from  these  causes,  is  50*1". 

3277.  The  sun  returns  to  the  equinoxial  point  before  cow^ 
pleting  its  revolution,  —  Since  the  equinoxial  points  thus  move 
backwards  on  the  ecliptic,  it  follows  that  the  sun,  after  it  has  in 
its  annual  course  passed  round  the  ecliptic,  will  arrive  at  either 
equinoxial  point  before  it  has  made  a  complete  revolution.  The 
equinoxial  point  being  50*1"  behind  the  position  it  had  when 
the  sun  started  from  it,  the  sun  will  return  to  it  after  having 
moved  through  50*1"  less  than  a  complete  revolution.  But 
since  the  mean  hourly  apparent  motion  of  the  sun  is  147*8" 
(2468.),  it  follows  that  the  centre  of  the  sun  will  return  to  the 
equinoxial  point, 

50*1  hrs.  min.      sec 

147.3'/=  0*33898  =  20    20*3, 

before  completing  its  revolution. 

3278.  Equinoxial  and  sidereal  year.  —  Hence  is  explained 
the  fact,  which  appears  in  (2984.),  Table  IL,  that  while  the 
sidereal  year,  or  actual  revolution  of  the  earth  round  the  sun,  is 

days  days.  h.  m.    sec 

865*25637  =  365  6  9  10-88, 
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the  eqninozial  reyolution,  or  the  time  between  two  succesaive 
equinoxes  of  the  same  name,  is 

dajs  dajs  hn.  min.  sec 

365-242255  =  365     5    48    50-4, 

the  latter  being  less  than  the  former  hj  20»  20*. 

The  successive  returns  of  the  sun  to  the  same  equinoxial 
point  must,  therefore,  always  precede  its  return  to  the  same 
point  of  the  ecliptic,  by  20»  20»  of  time,  and  by  501'  of  space. 

3279.  Period  of  the  precession, — To  determine  the  period  in 
which  the  equinoxial  points  moving  backwards  constantly  at 
this  mean  rate  would  make  a  complete  revolution  of  the  ecliptic, 
it  is  only  necessary  to  find  how  often  50-1"  must  be  repeated  to 
make  up  360^,  or,  what  is  the  same,  to  divide  the  number  of 
seconds  in  360^^  by  50*1.    This  gives 


IWOO  ^25868  year,. 


3280.  Its  effect  upon  the  longitudes  of  celestial  objects. — 
Although  this  motion,  slow  as  it  is,  is  easily  detected  from  year 
to  year  by  modem  instruments,  it  was  not  until  the  sixteenth 
century  that  its  precise  rate  was  ascertained.  Small  as  is  its 
annual  amount,  its  accumuluation,  continued  from  year  to  year 
for  a  long  period  of  time,  causes  a  great  displacement  of  all  the 
objects  in  the  heavens,  in  relation  to  the  equinoxial  points  from 
which  longitudes  and  right  ascensions  are  measured.  In  71*6 
years,  the  equinoxes  retrograde  1%  and  therefore,  in  that  time, 
the  longitudes  of  all  celestial  objects  of  fixed  position,  such  as 
the  stars,  have  their  longitudes  augmented  P.  Since  the  for- 
mation of  the  earliest  catalogues  in  which  the  positions  of  the 
fixed  stars  were  registered,  the  retrogression  of  the  equinoxial 
points  has  amounted  to  30^,  so  that  the  present  longitudes  of  all 
the  objects  consigned  to  these  catalogues,  is  30°  greater  than 
those  which  are  there  assigned  to  them. 

3281.  Precession  of  equinoxes  produces  a  rotation  of  the 
pole  of  the  equator  round  that  of  the  ecliptic. — J£  two  diame- 
ters of  the  celestial  sphere  be  imagined  to  be  drawn,  one  per- 
pendicular to  the  plane  of  the  equator  and  the  other  to  that  of 
the  ecliptic,  the  angle  included  between  them  will  obviously  be 
equal  to  the  angle  under  the  equator  and  ecliptic;  and  since  the 
extremities  of  these  diameters  are  the  poles  of  the  equator  and 
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ecliptic,  it  follows  that  the  arc  of  the  heavens  included  between 
these  poles  is  equal  to  the  obliquity  of  the  ecliptic 

But  since  a  plane  passing  through  these  diameters  is  at  right 
angles  both  to  the  equator  and  ecliptic,  the  line  of  equinoxes  or 
the  intersection  of  the  planes  of  the  equator  and  ecliptic^  will 
be  at  right  angles  to  that  plane.     If,  therefore,  the  equinoxial 
points  revolve  round  the  ecliptic  in  a  retrograde  direction,  it 
follows  that  the  plane  passing  through  the  diameters  above 
mentioned,  and  through  the  poles  of  the  two  circles  to  which 
the  line  joining  these  points  is  at  right  angles,  will  revolve 
with  a  like  motion,  round  that  diameter  of  the  sphere  which 
is  at  right  angles  to  the  plane  of  the  ecliptic,  and  which  there- 
fore terminates  in  its  poles.     But  since  the  pole  of  the  celestial 
equator  is  upon  this  circle  at  a  distance  from  the  pole  of  the 
ecliptic  equal  to  the  obliquity  of  the  ecliptic,  it  follows  that  the 
pole  of  the  equator  will  be  carried  round  the  pole  of  the  ecliptic, 
in  a  lesser  circle  parallel  to  the  plane  of  the  ecliptic,  with  a  re- 
trograde motion  exactly  equal  to  that  of  the  equinoxial  points. 

3282.  Distance  of  pole  of  equator  from  pole  ofeeUptic  varies 
with  the  obliquity, — And  since  the  distance  of  the  pole  of  the 
equator  from  that  of  the  ecliptic  must  always  be  exactly  equal 
to  the  obliquity  of  the  ecliptic,  it  follows  that  every  change 
which  may  take  place  from  whatever  cause,  in  the  position  of 
the  plane  of  the  equator,  whether  the  change  affect  the  angle 
at  which  it  is  inclined  to  the  ecliptic,  or  the  position  of  the 
equinoxial  points,  must  be  attended  with  a  corresponding 
change,  either  in  the  apparent  distance  of  the  pole  of  the 
equator  from  that  of  the  ecliptic,  or  in  the  rate  or  direction  of 
the  motion  of  the  latter  round  the  former, 

3283.  Pole  star  varies  from  age  to  age.  —  AlS  the  pole  of  the 
equator  is  carried  with  this  slow  motion  round  the  pole  of  the 
ecliptic,  its  position  for  all  popular,  and  even  for  some  scien- 
tific, purposes  is  usually  indicated  by  the  nearest  conspicuous 
star,  for  it  rarely  happens  that  any  such  star  is  found  to  coin- 
cide with  its  exact  place.  Such  star  is  the  pole  star,  for  the 
time  being  ;  and  it  is  clear  from  this  motion  of  the  pole,  that 
the  pole  star  must  necessarily  change  from  age  to  age. 

The  present  polar  star  is  a  star  of  the  second  magnitude  in 
the  constellation  called  the  *'  Lesser  Bear,"  and  its  present  dis* 
tance  from  t*he  exact  position  of  the  pole  is  1°  24^ 

The  motion  of  the  pole  as  above  described,  however,  is  sucli 
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-th&t  tbis  distance  is  gradually  diminishing,  and  will  continue  to 
diminish  until  it  is  reduced  to  about  half  a  degree  ;  after  which 
it  will  increase,  and  after  the  lapse  of  a  long  period  of  time,  the 
pole  will  depart  from  this  star,  and  it  will  cease  to  bear  the 
name,  or  serve  the  purposes,  of  a  pole  star. 

3284.  Former  and  future  pole  stars.  —  If  upon  any  star- 
map  a  circle  be  traced  round  the  pole  of  the  ecliptic  at  a  dis- 
tance from  it  of  23*5%  such  circle  will  pass  through  all  positions 
which  the  pole  of  the  equator  will  have  in  time  to  come,  or  has 
has  had  in  time  past ;  and  it  will  then  be  easily  seen  which  are 
the  conspicuous  stars  in  whose  neighbourhood  it  will  pass  in 
after  ages,  and  near  which  it  has  passed  in  past  ages,  and  which 
Tvill  become  in  future,  or  have  been  in  past  times,  the  pole  star 
of  the  age. 

In  1 2,000  years  from  the  present  time,  for  example,  it  will 
be  found  that  the  pole  will  pass  within  a  few  degrees  of  the 
star  of  the  first  magnitude  in  the  constellation  of  "Lyra," 
called  a  Lyrce, 

In  tracing  back  in  the  same  manner  the  position  of  the  pole 
among  the  stars,  it  is  found  that  at  an  epoch  3970,  or  nearly 
4000  years,  before  the  present  time,  the  pole  was  ^^"^  15'  be- 
hind its  present  position  in  longitude;  and  at  this  time  the 
nearest  bright  star  to  it  was  the  star  y,  in  the  constellation  of 
**  Draco."  The  distance  of  this  star,  at  that  time,  from  the 
pole  must  have  been  3®  44'  25''. 

3285.  Remarkable  circumstance  connected  with  the  pyra- 
mids. —  In  the  researches  which  have  been  made  in  Egypt,  a 
somewhat  remarkable  circumstance  has  been  discovered,  having 
relation  to  this  subject. 

Of  the  nine  pyramids  which  still  remain  standing  at  Gizeh, 
six  have  openings  presented  to  the  north,  leading  to  straight 
passages  which  descend  at  an  inclination  varying  from  26^  to 
27%  the  axes  of  the  passages  being  in  all  cases  in  the  plane  of 
the  meridian  of  the  pyramid.  Two  pyramids,  still  standing  at 
Abousseir,  have  similar  openings  leading  to  passages  having 
similar  directions. 

Now,  if  we  imagine  an  observer  stationed  at  the  bottom  of 
any  of  these  passages,  and  looking  out  along  its  axis  as  he 
would  look  through  the  tube  of  a  telescope,  his  view  will  be 
directed  to  a  point  upon  the  northern  meridian  of  the  place  of 
the  pyramid  at  an  altitude  of  between  26°  and  27°,  correspond- 
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ing  with  tiie  slope  of  the  passage.  This  is  preciselj  tlie  ahi- 
tade  at  which  the  star  y  Draoonis  most  hare  passed  the  meri- 
diaa  below  the  pole,  at  the  date  of  8970  years  befcnre  the  present 
time,  allowing  for  the  difference  of  position  of  the  pole  accord- 
ing to  the  principle  affecting  the  precession  of  the  equinoxes  ex- 
plained above.  Now,  the  date  of  the  constmcticm  of  the  pjra- 
mids  corresponds  almost  exactly  with  this  epoch ;  and  it  cannot 
be  doubted,  that  the  peculiar  direction  given  to  these  passages 
must  have  had  reference  to  the  position  of  y  Draoonis,  the  pole 
star  of  that  age. 

8286.  Nutation,  —  The  regression,  deseribed  above,  of  the 
eqmnoxial  points  upon  the  ecliptic,  must  be  understood  as  their 
mean  change  of  place  produced  by  the  disturbing  forces  of  the 
sun  and  moon  upon  the  protuberant  matter  of  the  equator  in 
long  periods  of  time.  But  this  regression  is  not  produced  at  a 
uniform  rate.  The  disturbing  forces  vary  in  their  action  ac- 
cording to  the  general  principles  already  explained,  with  the 
angles  formed  by  lines  drawn  from  the  sun  and  moon  to  ^ 
centre  of  the  earth  with  the  plane  of  the  equator.  So  fiw  as 
relates  to  the  sun,  this  variation  in  its  effect  goes  through  al 
its  changes  within  a  year.  In  the  case  of  the  moon,  it  «■ 
obviously  vary  from  month  to  month  and  from  year  to  ytm, 
with  the  change  of  position  of  the  moon's  nodes ;  and  as  1 " 
nodes  have  a  regressive  motion  making  a  complete  revo 
in  about  nineteen  years,  the  variation  of  the  effect  of 
moon's  disturbing  force  will  pass  through  all  its  changes  < 
that  period.  The  r^ressive  motion  imparted  to  the  iMpi 
noxial  points,  and  also  to  the  pole  of  the  equator  in  nKrAlg 
round  the  pole  of  the  ecliptic,  as  already  described,  by  the  4Mi 
and  moon,  is  therefore  subject  to  an  alternate  increase  and  4^ 
crease,  whose  period  is  a  year  for  the  sun,  and  nineteen  y<ts 
for  the  moon. 

But  these  are  not  the  only  effects  produced  upon  the  position 
of  the  pole  of  the  equator  by  the  disturbing  action  of  the  moon 
and  sun.  According  to  what  has  been  explained  in  general  of 
the  effects  of  the  orthogonal  component  of  the  disturbing  force^ 
it  will  be  easily  understood  that  the  protuberant  matt^  of  the 
equator  being  r^arded  as  a  satellite  disturbed  by  the  sun  and 
moon,  the  inclination  of  the  plane  of  the  equator  to  the  ecliptic 
will  be  subject  to  a  variation  proceeding  from  the  disturbing 
force  of  the  sun,  whose  period  will  be  a  year;  and  its  indina- 
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tion  to  the  plane  of  the  moon's  orbit  will  be  subject  to  a  like 
Tariation,  whose  period  is  about  nineteen  jears.  These  changes 
of  the  inclination  of  the  plane  of  the  equator  to  that  of  the 
ecliptic  and  the  moon's  orbit  will  be  attended  with  a  corre- 
sponding motion  of  the  pole  of  the  equator  to  and  from  the  pole 
of  the  ecliptic. 

This  alternate  approach  and  recess  of  the  pole  of  the  equator 
to  and  from  the  pole  of  the  ecliptic,  combined  with  the 
alternate  increase  and  decrease  of  its  regressive  motion,  is 
called  the  Nutation;  that  part  of  it  due  to  the  sun  being 
called  the  $olar  nutation  ;  and  that  due  to  the  moon,  the  lunar 
nutation. 

The  solar  nutation  is  an  inequality  of  so  small  amount  as 
altogether  to  escape  observation,  and  therefore  must  be  looked 
upon  to  have  a  merely  theoretical  existence. 

It  is  otherwise,  however,  with  the  lunar  nutation.  By  the 
alternate  increase  and  decrease  of  the  re- 
gressive motion  of  the  pole,  combined  with 
its  alternate  approach  and  recess  to  and 
from  the  pole  of  the  ecliptic,  the  pole  is 
moved  in  such  a  manner  that,  if  it  were 
affected  only  by  the  disturbing  force  of 
the  moon,  it  would  describe  an  ellipse 
such  as  A  B  c  D,  ^.  859.;  the  major  axis 
of  which  would  be  in  the  direction  ▲  x  of 
the  pole  of  the  ecliptic,  and  would  mea- 
sure 18*6"^,  while  the  minor  axis  would 
be  at  right  angles  to  this  direction,  and 
would  measure  13*74^^ 

But  while  the  pole  of  the  equator  de- 
scribes this  ellipse  completing  its  revolu- 
tion in  nineteen  years,  it  is  carried  by 
the  common  motion  of  precession,  in  a 
retrograde  direction,  as  already  described, 
at  the  rate  of  60'V'  in  each  year,  and 
i'lg.  B59.  ^iii,  therefore,  in  nineteen  years  be  car- 

ried through  15-5'  in  its  motion  round  the  pole  of  the  equator. 
Now,  by  combining  this  motion  with  the  elliptic  motion  al- 
ready described,  it  will  be  easily  seen  that  the  pole  of  the 
equator  would,  in  revolving  round  the  pole  of  the  ecliptic, 
alternately  approaching  to  it  and  receding  from  it  through 
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9'25''^i  describe  an  undulating  line  such  as  is  represented  in 

fig,  860.,  where  p  represents  the 
pole  of  the  ecliptic. 

3287.  Equation  of  the  equi- 
noxes. —  Since  the  regression  of 
the  equinoxes  does  not  take  place 
at  a  uniform  rate,  but  is  subject 
to  variations,  alternately  increas- 
ing and  decreasing  during  ererj 
nineteen  jears,  its  true  place  will 
differ  from  its  mean  place.  If 
we  conceive  an  imaginarj  equi- 
noxial  point  moving  backward. 
Fig.  860.  ^jjj  ^  uniform  motion  at  the 

rate  of  50^  1",  the  place  of  such  point  would  be  the  mean 
place  of  the  equinoxial  point  The  true  place  would  varj  from 
this,  preceding  it  when  the  disturbing  force  augments  the  rate 
at  which  the  equinoxial  point  moves,  and  falling  behind  it 
when  it  decreases  that  rate. 

The  distance  between  the  true  and  imaginarj  equinoxial 
points  is  called  the  equation  of  the  equinoxes. 

The  mean  place  of  the  equinox  for  any  proposed  time  is  given 
by  tables ;  and  the  equation  of  the  equinoxes  for  the  proposed 
time  gives  the  quantity  to  be  added  to,  or  subtracted  from,  the 
mean  place,  to  find  the  true  place. 

3288.  Proportion  of  the  mean  precession  due  to  the  disturb- 
ing forces  of  the  moon  and  sun. — If  the  entire  amount  of  the 
mean  precession  in  a  given  time  be  expressed  by  7,  the  part 
due  to  the  moon  will  be  5,  and  that  due  to  the  sun  will  be  2. 

3289.  Like  effects  produced  in  the  case  of  other  planets, — 
These  disturbing  effects  produced  upon  the  plane  of  the  planet's 
equator,  are  not  confined  to  the  case  of  the  earth.  All  the 
planets  which  have  the  spheroidal  form,  are  subject  to  similar 
effects  from  the  sun's  attraction  on  their  equatorial  protuber- 
ance, the  magnitude  of  these  effects  being,  however,  less  as  the 
distance  from  the  sun  is  increased.  In  the  case  of  the  major 
planets,  the  sun*s  disturbing  action  on  the  planet^d  equator,  pro- 
ceeding from  this  cause,  will  be  altogether  insensible. 

The  disturbing  forces  of  the  satellites  exerted  upon  the  plane 
of  the  equator,  in  the  cases  of  the  major  planets,  however,  must 
be  considerable  in  magnitude,  especially  so  far  as  relates  to  the 
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inner  satellites,  and  very  complicated  in  its  character,  the  pre- 
cession and  nutation  of  each  of  the  satellites  separately  being 
combined  in  affecting  the  actual  position  of  the  pole  of  the 
planet. 

Since,  however,  these  phenomena  are  necessarily  local,  and 
manifested  only  to  observers  on  the  planet,  they  offer  merely 
speculative  interest  to  the  terrestrial  astronomer. 

3290.  Effects  of  spheroidal  perturbation  on  the  motions  of 
the  moon  generally  minute, — The  protuberant  matter  of  the 
terrestrial  spheroid  disturbs  the  lunar  orbit,  in  the  same  manner 
ns  would  a  satellite  placed  at  the  surface  of  the  earth  and  in 
the  plane  of  the  equator.  From  what  has  been  explained 
of  the  general  effects  when  the  disturbing  body  is  within  the 
disturbed  orbit,  it  will  follow  that  the  terrestrial  spheroid  must 
impart  a  progressive  motion  to  the  moon's  apsides,  and  a  re- 
gressive motion  to  the  nodes.  These  inequalities  have,  how- 
ever, a  theoretical  existence  only,  being  so  minute,  compared 
with  the  progression  of  the  apsides  and  regression  of  the  nodes 
due  to  the  disturbing  force  of  the  sun,  that  they  do  not  produce 
any  observable  change  in  these  motions. 

3291.  Spheroidal  inequality  of  the  inclination  of  the  moon^s 
orbit  observable, — A  case,  however,  exists,  in  which  the  dis- 
turbing force  of  the  terrestrial  spheroid  does  produce  sensible 
effects  on  the  lunar  orbit. 

It  has  been  already  shown,  that  the  moon's  nodes  move  round 
the  ecliptic  with  a  retrograde  motion,  in  about  nineteen  years. 
Twice  in  this  period  they  must,  therefore,  coincide  with  the 
equinoxial  points ;  and  when  they  do  so,  the  line  of  nodes  must 
coincide  with  the  inclination  of  the  planes  of  the  equator  and 
ecliptic.  In  one  of  the  two  positions  which  they  thus  assume, 
the  plane  of  the  moon's  orbit  must  lie  between  the  planes  of 
the  ecliptic  and  equator  as  represented  in  fig,  861.,   where 


Fig.  861. 

acdc'a'  represents  the  equator,  acdc'a'  the  ecliptic,  and 
jLdi>d'  h!  the  moon's  orbit.    In  the  other  position  the  moon's 
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orbit  will  make  a  greater  angle  with  the  equator  than  the 
ecliptic  doefy  and  will  lie  above  the  ecliptic,  as  reprepented  at 

Nowy  if  no  disturbing  force  acted  upon  the  plane  of  the 
moon's  orbit,  its  obliquity  to  the  plane  of  the  ecliptic  would 
remain  invariable ;  and,  therefore,  in  both  podtiona  here  repre- 
sented, the  angles  it  would  make  with  the  ecliptic  would  be  the 
same,  that  is  to  saj,  6**  8'  48'^,  which  is  the  mean  incHnatioa  of 
the  moon's  orbit. 

But,  if  it  be  admitted  that  the  spheroidal  protuberance  of  the 
earth  acts,  as  it  has  been  shown  to  do,  as  a  satellite  would 
situate  in  the  plane  of  the  equator,  this  attraction  would  like- 
wise tend  to  draw  the  moon  towards  that  plane,  and  it  would 
act  more  energetically  when  the  plane  of  the  moon's  orbit 
makes  a  less,  than  when  it  makes  a  greater,  angle  with  the 
equator.  Thus  the  spheroidal  perturbations  of  the  earth  will 
act  more  energetically  in  disturbing  the  plane  of  the  moon's 
orbit,  when  it  has  the  position  A^Dcf  a',  than  when  it  has  the 
position  Abi>b'jk!.  The  consequence  would  be  that  the  an^e 
formed  hj  Adi>  with  A c  D  would  be  somewhat  greater  than  the 
angle  formed  by  a  6  d  with  a  c  d. 

Another  consequence,  of  still  greater  practical  importance  in 
producing  an  inequality,  which  would  be  still  more  easily  ob- 
servable, will  follow  from  this.  The  greater  energy  of  the  dis- 
turbing force  when  the  moon's  orbit  has  the  position  a  Jd  than 
when  it  has  the  position  a  6  d,  will  impart  to  the  moon  a  more 
rapid  angular  motion  when  it  passes  through  the  point  of  the 
orbit  represented  byAc^D,  than  when  it  passes  through  that 
point  of  the  orbit  indicated  by  a6d;  that  is  to  say,  the 
apparent  motion  of  the  moon  will  be  more  rapid  than  its  mean 
motion,  when  the  orbit  has  the  former  position,  and  less  rapid 
when  the  orbit  has  the  latter  position.  Now,  a  small  variation 
of  the  moon's  apparent  motion  is  more  easily  observed  than  a 
small  variation  of  the  inclination  of  its  orbit  in  the  ecliptic 

These  effects  of  the  disturbing  force  of  the  spheroidal  pro- 
tuberance of  the  earth  have  accordingly  been  observed. 

It  has  been  found  that  the  angle  formed  by  ac^d  with  acd 
is  greater,  and  the  angle  formed  by  a6d  with  acd  leas,  than 
the  mean  inclination  of  the  moon's  orbit  to  the  ecliptic ;  and 
while  the  moon's  orbit  has  the  position  a^d  its  apparent  mo- 
tion is  greater,  and  while  it  has  the  position  a&d  its  apparent 
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motion  is  less,  than  its  mean  motion.  This  difference  is  found 
to  produce  a  variation  of  the  moon's  place  in  its  orbit  or  of  its 
longitude  amounting  to  8'',  hj  which  it  gets  in  advance  of  its 
mean  place  when  the  orbit  has  the  position  ac^d,  and  lags 
behind  it  when  the  orbit  has  the  position  A  &  d. 

Since  the  interval  between  the  epochs  at  which  the  moon's 
orbit  has  the  two  positions  indicated  in  the  figure,  is  one  half 
the  period  of  the  regression  of  the  nodes,  that  is  about  nine 
jears  and  a  half,  it  follows  that  the  moon's  inclination  to  the 
ecliptic  gradually  increases  during  that  interval  of  nine  years 
and  a  half,  from  its  position  A  <f  d  to  its  position  a  6  d,  and  that, 
during  the  next  nine  years  and  a  half,  it  gi*adually  decreases 
from  its  position  A  6  d  to  its  position  a  <f  d  ;  therefore,  it  follows 
that  the  moon's  angular  motion  is  continually  greater  than  its 
mean  value  during  nine  years  and  a  half,  and  continually  less 
daring  the  next  nine  years  and  a  half. 

Now,  this  inequality  in  its  exact  quantity  depends  alto- 
gether upon  the  oblateness  of  the  terrestrial  spheroid,  or,  what 
is  the  same,  on  the  ratio  of  the  equinoxial,  to  the  polar  diameter 
of  the  earth.  If  this  ratio  were  greater  than  301  to  300,  its 
actual  value,  the  inequality  of  the  moon's  motion  consequent 
upon  it  would  be  greater,  and  accordingly  its  apparent  place 
would  be  more  than  8'^  in  advance  of  the  true  place  in  the  one 
interval  of  nine  years  and  a  half,  and  less  so  in  the  succeeding 
nine  years  and  a  half;  and,  on  the  contrary,  if  the  ratio  of 
the  equatorial  to  the  polar  diameter  were  less  than  301  to  300, 
the  variation  of  the  moon's  apparent  motion  would  be  less  than 
8'^  Thus  it  appears,  that  this  minute  inequality  of  the  moon's 
motion,  developed  in  the  protracted  periods  of  nineteen  years, 
supplies  a  measure  of  the  spheroidal  form  of  the  earth,  the 
result  of  which  completely  verifies  the  other  methods  already 
explained,  of  determining  the  ellipticity  of  the  terrestrial 
spheroid. 

3292.  Spheroidal  inequalities  of  the  Jovian  it/stem,  —  The 
oblateness  of  Jupiter,  still  greater  than  that  of  the  earth, 
produces  inequalities  of  the  motion  of  the  satellites,  similar 
to  those  produced  by  the  spheroidal  protuberance  of  the  earth 
upon  the  moon,  but  greater  in  degree  and  more  rapid  in  their 
development,  in  proportion  to  the  greater  ellipticity  of  the 
planet  and  the  greater  proportional  proximity  of  the  satellites. 
Thus,  a  progressive  motion  is  imparted  to  the  apsides,  and  a 
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regressive  motion  to  tbe  nodes  of  each  of  the  satellites;  and 
these  motions  are  so  much  the  more  considerable  the  nearer 
the  satellite  is  to  the  planet.  The  effect  of  this  spheroidal 
perturbation  on  the  inner  satellites  is  so  predominant,  that  the 
motion  of  these  satellites  is  nearly  the  same  as  it  would  be 
if  no  other  disturbing  force  whatever  affected  them. 

It  will  be  obvious  that  a  very  complicated  sjstem  of  in- 
equalities must  thus  be  produced  upon  the  satellites  of  Jupiter, 
inasmuch  as  the  disturbing  effect  of  the  spheroidal  protuberance 
of  the  planet  upon  the  elements  of  each  of  the  orbits,  is  ne- 
cessarily mixed  up  with  the  disturbing  effects  of  the  satellites 
upon  each  other. 

3293.  Spheroidical  inequalities  of  the  ScUumian  system.  — 
The  disturbing  forces  produced  by  the  spheroidal  form  of 
Saturn,  are  in  all  respects  similar  to  those  developed  in  the 
Jovian  system.  The  effect  of  the  ring  is  nearly  the  same  as 
if  the  oblateness  of  the  planet  were  augmented,  —  with  this 
difference,  however,  that  the  ring,  not  being  attached  to  tiie 
planet,  is  not  clogged  with  the  inertia  of  a  great  spherical 
mass  within  it,  hanging  upon  it,  as  is  the  case  with  tbe 
spheroidal  protuberance  of  the  planet. 

In  consequence  of  this,  the  combined  effects  of  the  ring  and 
the  spheroidal  protuberance  of  the  planet,  is  to  impart  a  very 
rapid  progressive  motion  to  the  apsides,  and  a  regressive 
motion  to  the  nodes  of  the  orbits  of  the  several  satellites. 
These  effects  must  be  obviously  greater  on  the  inner,  than  on 
the  more  remote  satellites. 

The  theory  of  the  perturbations  of  this  system  is  rendered 
very  simple,  owing  to  the  fact  that  the  sun,  in  consequence  of 
its  remoteness  and  of  the  small  visual  angle  which  the  whole 
system  subtends  at  it,  can  produce  no  sensible  perturbation. 
The  satellites  have,  however,  been  so  imperfectly  observed  that 
no  data  have  been  obtained,  by  which  the  results  of  the  theo- 
retical reasoning  respecting  the  spheroidal  perturbations  can 
be  verified  with  regard  to  any  of  the  satellites,  except  tbe 
sixth.  This  has,  however,  been  submitted  to  an  elaborate 
series  of  observations  by  Professor  Bessel,  who  has  ascertained 
the  rate  of  progression  of  its  apsides,  and  the  regression  of  its 
nodes. 

By  calculating  what  the  progression  and  regression  would  be, 
which  would  arise  from  a  given  mass  assigned  to  the  ring,  and 
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comparing  the  results  of  such  calculation  with  the  actual  pro« 
gression  of  the  apsides  and  regression  of  the  nodes,  he  found 
that  the  actual  inequalities  are  such  as  would  be  produced,  if 
the  mass  of  the  ring  amounted  to  the  118th  part  of  the  entire 
mass  of  the  planet.  In  this  approximative  calculation,  how- 
ever, the  whole  inequality  incident  to  the  nodes  and  apsides  of 
the  sixth  satellite,  is  ascribed  to  the  disturbing  force  of  the 
ring.  It  is  evident,  therefore,  that  the  value  of  the  mass  of 
the  ring^  thus  obtained,  must  be  more  than  its  true  value. 

It  appears,  therefore,  that  while  the  entire  mass  of  this 
annular  appendage,  stupendous  as  it  is,  is  less  than  the  118th 
part  of  the  mass  of  the  planet,  the  mass  of  the  moon  amounts 
to  so  much  as  the  80th  part  of  the  mass  of  the  earth.  It  fol- 
lows, therefore,  that  relatively  the  entire  mass  of  Saturn's 
ring  is  less  than  that  of  the  moon,  in  the  proportion  of  2  to  3, 


CHAP.  XXV. 

THB  FIXED  STABS.  —  STELLAS  PABALLAX  AND  DISTANCE, 

3294.  Creation  not  circumscribed  by  the  solar  system,  — - 
The  region  of  space,  vast  as  it  is,  which  is  occupied  by  the 
solar  system,  forms  but  a  small  portion  of  that  part  of  the 
material  universe  to  which  scientific  inquiry  and  research  have 
been  extended.  The  inquisitive  spirit  of  man  has  not  rested 
content  within  such  limits.  Taking  its  stand  at  the  extremities 
of  the  system,  and  throwing  its  searching  glance  toward  the  in- 
terminable realms  of  space  which  extend  beyond  them,  it  still 
asks — What  lies  there?  Has  the  Infinite  circumscribed  the 
exercise  of  his  creative  power  within  these  precincts — and  has 
He  left  the  unfathomable  depths  of  space  that  stretch  beyond 
them,  a  wide  solitude  ?  Has  He  whose  dwelling  is  immensity, 
and  whose  presence  is  everywhere  and  eternal,  remained  inac- 
tive throughout  regions  compared  with  which  the  solar  system 
shrinks  into  a  point? 

Even  though  scientific  research  should  have  left  us  without 
m.  }i 
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definite  information  on  these  qnestionfl^  the  light  which  has 
been  shed  on  the  Divine  character,  as  well  hj  reason  as  bj 
revelation^  would  have  filled  ns  with  the  assorance  that  there  ia 
DO  part  of  space  however  remote,  which  mast  not  teem  with 
evidences  of  exalted  power,  inexhaustible  wisdom,  and  ontiring 
goodness. 

But  science  has  not  so  deserted  us.  It  has,  on  the  oontrarj, 
supplied  us  with  much  interesting  information  respecting 
regions  of  the  universe,  the  extent  of  which  is  so  great  that 
even  the  whole  dimensions  of  the  solar  sjstem  supplj  no 
modulus  sufficiently  great  to  enable  us  to  express  their  mag- 
nitude. 

3295.  The  $olar  tyitem  surrounded  by  a  vast  Bui  Umited 
vdd, — ^We  are  furnished  with  a  variety  of  evidence,  establishing 
incontestably  the  fact,  that  around  the  solar  system  to  a  vast 
distance  on  every  side  there  exists  an  unoccupied  space ;  that 
the  solar  system  stands  alone  in  the  midst  of  a  vast  solitude. 
It  has  been  shown,  that  the  mutual  gravitation  of  bodies  placed 
in  the  neighbourhood  of  each  other,  is  betrayed  by  its  effects 
upon  their  motions.  If,  therefore,  there  exist  beyond  the 
limits  of  the  solar  system,  and  within  a  distance  not  so  great  as 
to  render  the  attraction  of  gravitation  imperceptible,  any  mass 
of  matter,  such  as  another  sun  like  our  own,  such  a  mass  would 
undoubtedly  exercise  a  disturbing  force  upon  the  various  bodies 
of  the  system.  It  would  cause  each  of  them  to  move  in  a 
manner  different  from  that  in  which  it  would  have  moved  if 
no  such  body  existed. 

Thus  it  appears  that,  even  though  a  mass  of  matter  in 
our  neighbourhood  should  escape  direct  observation,  its  pre- 
sence would  be  inevitably  betrayed  by  the  effects  which 
its  gravitation  would  produce  upon  the  planets.  No  sudi 
effects,  however,  are  discoverable.  The  planets  move  as  they 
would  move  if  the  solar  system  were  independent  of  any 
external  disturbing  attraction.  These  motions  are  such,  and 
such  only,  as  can  be  accounted  for  by  the  attraction  of  the  sun 
and  the  reciprocal  attraction  of  the  other  bodies  of  the  system. 
The  inference  from  this  is^  that  there  does  not  exist  any  mass 
of  matter  in  the  neighbourhood  of  the  solar  system  within  any 
distance  which  permits  such  a  mass  to  exercise  upon  it  any 
discoverable  disturbing  inff  uence;  and  that  if  any  body  analogous 
to  our  sun  exists  in  the  universe,  it  must  be  placed  at  a  distance 
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8o  great,  tliat  tbe  whole  magnitude  of  our  sjstem  will  shrink 
into  a  point,  compared  with  it. 

3296.  The  stars  must  he  placed  beyond  the  surrounding  void. 
'^Absence  of  sensible  parallax, — ^Yet  when,  on  any  clear  night, 
we  contemplate  the  firmament,  and  behold  the  countless  muU 
titude  of  objects  that  sparkle  upon  it,  remembering  what  a 
comparativelj  small  number  are  comprised  among  those  of  the 
solar  system,  and  even  of  these  how  few  are  visible  at  any  one 
time,  we  are  naturally  impelled  to  the  inquiry.  Where  in  the 
universe  are  these  vast  numbers  of  objects  placed  ? 

Very  little  reflection  and  reasoning,  applied  to  the  considera- 
tion of  our  own  position  and  to  the  appearance  of  the  heavens, 
will  convince  us  that  the  objects  that  chiefly  appear  on  the 
firmament,  must  be  at  almost  immeasureable  distances.  The 
earth  in  its  annual  course  round  the  sun  moves  in  a  circle,  the 
diameter  of  which  is  about  200  millions  of  miles.  We,  who 
observe  the  heavens,  are  transported  upon  it  round  that  vast 
circle.  The  station  from  which  we  observe  the  universe  at 
one  period  of  the  year  is,  then,  200  millions  of  miles  from 
the  station  from  which  we  view  it  at  another. 

Now  it  is  a  fact,  within  the  familiar  experience  of  every  one, 
that  the  relative  position  of  objects  will  depend  upon  the  point 
from  which  they  are  viewed.  If  we  stand  upon  the  bank  of  a 
river,  along  the  margin  of  which  a  multitude  of  ships  are  sta- 
tioned, and  view  the  masts  of  the  vessels,  they  will  have 
among  each  other  a  certain  relative  arrangement.  If  we 
change  our  position,  however,  through  the  space  of  a  few  hun- 
dred yards,  the  relative  position  of  these  masts  will  not  be  the 
same  as  before.  Two  which  before  lay  in  line  will  now  be 
seen  separate  ;  and  two  which  before  were  separated  are  now 
brought  into  line.  Two,  one  of  which  was  to  the  right  of  the 
other,  are  now  reversed ;  that  which  was  to  the  right,  is  at  the 
left,  and  vice  versit;  nor  are  these  changes  produced  by  any 
change  of  position  of  the  ships  themselves,  for  they  are  moored 
in  stationary  positions.  The  changes  of  appearance  are  the 
result  of  our  own  change  of  position ;  and  the  greater  that 
change  of  position  is,  the  greater  will  be  the  relative  change 
of  these  appearances.  Let  us  suppose,  however,  that  we  are 
moved  to  a  much  greater  distance  from  the  shipping;  any 
change  in  our  position  will  produce  much  less  eflect  upon  the 
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relatiTe  podtioa  of  the  masts ;  perhaps  it  will  require  a  Yerj 
considerable  change  to  produce  a  perceivable  effect  upon  thenou 
In  fine,  in  proportion  as  our  distance  firom  the  masts  is  in* 
creased,  so  in  proportion  will  it  require  a  greater  change  in  our 
own  position  to  produce  the  same  apparent  change  in  their 
position. 

Thus  it  is  with  all  visible  objects.  When  a  multttade  erf 
stationary  objects  are  viewed  at  a  distance,  thdr  relative  post* 
tion  will  depend  upon  the  position  of  the  observer;  and  if  the 
station  of  the  observer  be  changed,  a  change  in  the  relative 
position  of  the  objects  must  be  expected ;  and  if  no  perceptible 
change  is  produced,  it  must  be  inferred  that  the  distance  of  the 
objects  is  incomparably  greater  than  the  change  of  position  of 
the  observer. 

Let  us  now  apply  these  reflections  to  the  case  of  the  earth 
and  the  stars.  The  stars  are  analogous  to  the  masts  of  the 
ships,  and  the  earth  is  the  station  on  which  the  observer  is 
placed.  It  might  have  been  expected  that  the  magnitude  of  the 
globe,  being  eight  thousand  miles  in  diameter,  would  produce  a 
change  of  position  of  the  observer  sufficient  to  cause  a  change 
in  the  relative  position  of  the  stars,  but  we  find  that  such  is 
not  the  case.  The  stars,  viewed  from  opposite  sides  of  the 
globe,  present  exactly  the  same  appearance ;  we  must,  therefore, 
infer  that  the  diameter  of  the  earth  is  absolutely  nothing  com- 
pared to  their  distance. 

But  the  astronomer  has  still  a  much  larger  modulus  to  fall 
back  upon.  He  reflects,  as  has  been  already  observed,  that  he 
is  enabled  to  view  the  stars  from  two  stations  separated  from 
each  other,  not  by  8000  miles,  the  diameter  of  the  earth,  but 
by  200  miUions  of  miles,  that  of  the  earth's  orbit  He,  there- 
fore, views  the  heavens  on  the  1st  of  January,  and  views  them 
again  on  the  1st  of  July,  the  earth  having  in  the  meanwhile 
passed  to  the  opposite  side  of  its  orbit^  yet  he  finds,  to  his 
amazement,  that  the  aspect  is  the  some.  He  thinks  that  this 
cannot  be — that  so  great  a  change  of  position  in  himself 
cannot  fail  to  make  some  change  in  the  apparent  position  of 
the  stars; — that,  although  their  general  aspect  is  the  same^ 
y  et  when  submitted  to  exact  examination  a  change  must  as- 
suredly be  detected.  He  accordingly  resorts  to  the  use  of 
instruments  of  observation  capable  of  measuring  the  relative 
positions  of  the  stars  with  the  last  conceivable  precision,  and 
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he  is  more  than  eVei"  confounded  hy  the  fact  that  Btill  no 
discoverable  change  of  position  is  found. 

For  a  long  period  of  time  this  result  seemed  inexplicable, 
and  accordingly  it  formed  the  greatest  difficulty  with  astro" 
nomers,  in  admitting  the  annual  motion  of  the  earth.  The 
alternative  offered  was  this;  it  was  necessary,  either  to  fall 
back  upon  the  Ptolemaic  system,  in  which  the  earth  was  sta- 
tionary, or  to  suppose  that  the  immense  change  of  position  of 
the  earth  in  the  course  of  half  a  year,  could  produce  no  dis- 
coverable change  of  appearance  in  the  stars;  a  fact  which 
involves  the  inference  that  the  diameter  of  the  earth's  orbit 
must  be  a  mere  point  compared  with  the  distance  of  the  near- 
est stars.  Such  an  idea  appeared  so  inadmissible  that  for  a 
long  period  of  time  many  preferred  to  embrace  the  Ptolemaic 
hypothesis,  beset  as  it  was  with  difficulties  and  contradictions. 

Improved  means  of  instrumental  observation  and  microme* 
trical  measurement,  united  with  the  zeal  and  skill  of  observers, 
have  at  length  surmounted  these  difficulties ;  and  the  parallax, 
small  indeed  but  still  capable  of  measurement,  of  several  stars 
has  been  ascertained. 

8297.  Annual  parallax. — ParaUaeHc  ellipse. — To  render^ 
these  results  and  the  processes  by  which  they  have  been  at- 
tained intelligible,  we  must  resume  the  explanation  of  the 
general  effects  of  annual  parallax,  already  briefly  given  (2442.)^ 

The  visual  ray  by  which  a  star  is  seen,  and  which  is  its 
apparent  direction,  is  carried  by  the  annual  motion  of  the  earth 
round  the  sur&ce  of  a  cone,  of  which  the  earth's  orbit  (which 
we  may  here  consider  as  a  circle)  is  the  base  and  of  which  the 
6tar  is  the  apex.  The  line  drawn  from  the  centre  of  the  earth's 
orbit  to  the  star,  which  is  its  true  or  heliocentric  direction,  is 
the  axis  of  this  cone;  and  consequently,  the  parallax  of  the  star 
is  the  angle  under  the  latter  line,  and  the  visual  ray  by  the 
motion  of  which  the  surface  of  the  cone  is  formed. 

The  same  optical  effect  would  be  produced  by  transferring 
the  orbital  motion  of  the  earth  to  the  star,  the  observer  being 
supposed  to  be  stationary  and  placed  at  the  centre  of  the 
earth's  orbit,  and  this  supposition  will  render  all  the  parallactic 
phenomena  much  more  easily  comprehended.  Let  the  star, 
then,  be  imagined  to  move  in  a  circle  equal  and  parallel  to  the 
earth's  orbit,  the  centre  of  the  circle  being  the  true  place  of  the 
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star.  The  place  of  the  star  in  this  circle  of  parallax  most 
always  be  diametricallj  opposite  to  the  corresponding  place  of 
the  earth  in  its  orbit.  The  star  so  moving  would  suffer  exactly 
the  same  apparent  displacement  as  it  would  appear  to  suffer  if 
it  were,  as  it  is,  at  rest  in  its  true  plaee^  the  earth  moving  in 
its  proper  orbit  round  the  sun. 

Let  B,  Jig.  862^  be  the  true  place  of  the  star,  and  lei 
I  aba'b'  be  Its  circle  of  parallax,  the  plane 

of  which  is  parallel  to  that  of  the  ecliptic, 
and  the  radius  of  which  is  equal  to  that  of 
the  earth's  orbit  Let  bb^  be  the  line  in 
which  the  plane  of  this  circle  b  intersected 
bj  a  plane  through  the  sun  and  star  per- 
pendicular to  the  ecliptic  ix  what  is  the 
I  same,  bj  the  plane  of  the  circle  of  latitude 

passing  through  the  star ;  and  let  ▲  A^  be  the 
diametOT  of  the  circle  of  parallax  which  is 
at  right  angles  to  that  plane.  When  tke 
longitude  of  the  sun  is  the  same  as  that  of 
Fig.  862.  ^^^  g^  ^^  apparent  place  of  the  star  will 

be '  at  B'^,  that  extremity  of  the  diameter  b  b'  which  is  most 
remote  from  the  sun;  and  when  the  longitude  of  the  sun 
exceeds  thi^t  of  the  star  by  180%  it  will  be  at  b,  the  extremity 
of  the  same  diameter  which  is  nearest  to  the  sun.  When  the 
longitude  of  the  sun  exceeds  that  of  the  star  by  90%  the 
apparent  place  of  the  star  will  be  at  a',  the  eastern  extremity  of 
the  diameter  aa^;  and  when  it  exceeds  that  of  the  star  by 
270%  it  will  be  at  a,  the  western  extremity.  It  appears 
therefore,  that  while  the  sun  makes  a  complete  revolution  of 
the  ecliptic  from  the  point  at  which  it  has  the  longitude  of  the 
star  until  its  return  to  the  same  point,  the  star  appears  to  move 
round  the  circle  of  parallax  from  JSk  in  the  direction  indicated 
by  the  arrows,  taking  successively  the  positions  p  and  the 
angle  b'  s  />  or  the  arc  b'  p,  being  always  equal  to  the  difference 
of  the  longitudes  of  the  sun  and  star  measured  from  the  star 
in  the  order  of  the  signs. 

But  the  plane  of  this  circle  a  b'  a^  b  being  parallel  to  that  of 
the  ecliptic,  will  be  inclined  to  the  surface  of  the  celestial 
sphere,  at  an  angle  equal  to  the  complement  of  the  latitude  of 
the  star;  and  by  the  common  principles  of  projection  it  will, 
when  projected  optically  on  that  surface,  become  an  ellipse,  of 
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which  the  migor  axis  is  the  projection  of  the  diameter  A  a',  and 
is  parallel  to  the  ecliptic,  and  the  minor  axis  that  of  b  b^,  and 
which  is  perpendicular  to  the  ecliptic,  and  therefore  coincident 
with  the  circle  of  latitude  of  the  star.  The  diameter  A  a'  being 
parallel  to  the  surface  on  which  it  is  projected,  is  not  altered  in 
apparent  magnitude  by  projection;  but  the  diameter  b  b'  is 
diminished  by  projection,  in  the  ratio  of  the  sine  of  the  'star's 
hititude  to  1. 

Li  the  figure,  this  ellipse  is  represented  above  the  circle  of 
parallax. 

It  will  be  apparent  that,  when  the  star  is  projected  on  b  ot 
b',  its  longitude  is  not  affected  by  parallax,  but  its  latitude  is 
increased  by  s  b  at  b,  and  diminished  by  s  b'  at  b'.  In  like 
manner,  when  the  star  is  seen  at  a  or  a',  its  latitude  is  not 
affected  by  parallax ;  but  its  longitude  is  increased  by  s  a'  at  a', 
and  diminished  by  s  A  at  A« 

When  the  star  is  seen  at  any  of  the  intermediate  points  p  of 
the  parallactic  ellipse,  it  is  affected  by  parallax  both  in  lati* 
tude  and  longitude,  s  n  being  the  parallax  in  longitude,  and  p  n 
the  parallax  in  latitude. 

By  the  mere  inspection  of  the  figure  it  will  be  apparent,  that 
the  parallax  in  longitude  s  n  is  not  affected  by  projection,  being 
the  same  in  the  parallactic  circle  as  in  the  ellipse;  but  that  the 
parallax  in  latitude  p  n  is  reduced  in  the  ratio  of  the  sine  of  the 
star's  latitude  to  1. 

It  is  easy,  and  in  some  respects  clearer,  to  express  these  rela* 
tions  in  the  symbols  of  arithmetic  Let  ui  be  the  excess  of  the 
sun's  longitude  above  that  of  the  star,  let  *r  be  the  angle 
which  the  radius  of  the  circle  of  parallax  subtends  at  the  earth, 
and  let  X  be  the  latitude  of  the  star.  The  angle  b'  s  p  in  the 
parallactic  circle  will  then  be  ui,  and  the  parallax  in  longitude 
an  will  be  4r  X  sin.  ut.  The  parallax  in  latitude  which  is 
pit  in  the  parallactic  ellipse  will  he  v  x  cos.  w  x  sin.  X. 

When  the  star  is  at  b  or  b',  cos.  w  =  1,  and  s  b'  =  ir  x  sin.  X^ 
and  when  it  is  at  A  or  a',  sin.  of  =  1,  and  s  A  ss  «r. 

3298.  ExcerUriciiy  of  parallactic  ellipse  depends  on  states 
latitude, — The  excentricity  of  the  parallactic  ellipse  increases 
as  the  star's  latitude  decreases.  If  the  star  be  at  the  pole  of  the 
ecliptic,  the  plane  of  the  circle  of  parallax  being  parallel  to  the 
surface  of  the  celestial  sphere,  it  is  not  altered  by  projection ; 
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ind  tbe  apparent  motion  of  the  star  is  in  a  circle,  of  which  the 
centre  is  the  true  place  of  the  star,  and  of  which  the  radius  is 
the  Btar*s  parallax.    When  the  latitude  of  the  star  is  less  than 
90°,  the  obliquity  of  the  plane  of  the  circle  of  parallax  to  the 
visual  direction  gives  an  elliptical  form  to 
its  projection,  which  becomes  more  and  more 
elongated  the  nearer  the  star  is  to  the  eclip* 
tic*     When  the  star  is  in  the  ecliptic^  the 
circle  of  parallax  is  viewed  edgewajs,  and 
the  parallactic  ellipse  is  flattened   into  its 
mfgor  axis.     The  star  in  this  position  oscil- 
lates east  and  west  of  its  true  place  to  a 
distance  equal  to  the  parallax. 

In  fig.  868.  the  forms  of  the  parallaetic 
ellipse  are  represented  as  they  varj  in  ex- 
centricitj  from  a  perfect  circle  at  the  pole 
of  the  ecliptic  to  a  line  equal  to  twice  tbe 
parallax  in  the  ecliptic  itself. 

3299.  DifficuUjf  of  determining  the  parol-' 
laxy  arises  from  its  minute  amount — It 
might  be  supposed,  that  where  the  cha- 
racter and  laws  of  the  phenomena  are  so 
clearly  understood,  the  discovery  of  their 
tig.  863.  existence  could  present  no  great  difficulty. 

Nevertheless,  nothing  in  the  whole  range  of  astronomical 
research  has  more  baffled  the  efforts  of  observers  than  this 
question  of  the  parallax.  This  has  arisen  altogether  from  the 
extreme  minuteness  of  its  magnitude.  It  is  quite  certain  that 
the  quantity  we  have  designated  by  w  in  the  preceding  para- 
graphs, does  not  amount  to  so  much  as  V^  in  the  case  of  any  of 
the  numerous  stars  which  have  been  as  yet  submitted  to  the 
course  of  observation  which  is  necessary  to  discover  the  paral- 
lax. Now,  since  in  the  determination  of  the  exact  urano* 
graphical  position  of  a  star  geocentrically  and  heliocentrically 
considered,  there  are  a  multitude  of  disturbing  effects  to  be 
taken  into  account  and  eliminated,  such  as  precession,  nutation, 
aberration,  refraction,  and  others,  besides  the  proper  motion  of 
the  star,  which  will  be  explained  hereafter ;  and  since  besides 
the  errors  of  observotion,  the  quantities  of  these  are  subject  to 
more  or  less  uncertainty,  it  will  astonish  no  one  to  be  told  that 
they  may  entail  upon  the  final  result  of  the  calculation,  an 
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error  of  T^;  and  if  they  do^  it  is  vain  to  expect  to  discoYer  such 
a  residual  phenomenon  as  parallax,  the  entire  amount  of  which 
is  less  than  l\ 

3300.  How  the  distance  U  inferred  from  the  parallax-^ 
parallactic  unit. — If  in  any  case  the  parallax  or  the  quahtit7 
which  in  the  preceding  paragraphs  has  been  expressed  bj  v, 
and  which  is  the  semi-axis  miyor  of  the  parallactic  ellipse,  could 
be  determined,  the  distance  of  the  stars  could  be  immediately 
inferred.  For,  if  this  value  of  «r  be  expressed  in  seconds  or  iu 
decimals  of  a  second,  and  if  b  express  the  semidiameter  of  the 
earth's  orbit,  and  d  the  distance  of  the  star,  we  shall  have 

If,  therefore,  «r  =  V  the  distance  of  the  star  would  be  206265 
times  the  distance  of  the  sun,  and  since  it  may  be  considered 
satisfactorily  proved  that  no  star  which  has  ever  yet  been 
brought  under  observation  has  a  parallax  greater  than  this,  it 
may  be  affirmed  that  the  nearest  star  in  the  universe  to  the 
solar  system  is  at  a  distance  at  leasl  206265  times  greater  than^ 
that  of  the  sun. 

Let  us  consider  more  attentively  the  import  of  this  conclu- 
sion. The  distance  of  the  sun  expressed  in  round  numbers 
(which  are  sufficient  for  our  present  purpose)  is  95  millions  of 
miles.  If  this  be  multiplied  by  206265,  we  shall  obtain, — not 
indeed  the  distance  of  the  nearest  of  the  fixed  stars, — but  the 
minor  limit  of  that  distance,  that  is  to  say,  a  distance  within 
which  the  star  cannot  lie.     This  limit  expressed  in  miles  is 

D  =  206265  X  95,000000  =  19,595175,000000  miles, 
or  nearly  twenty  billions  of  miles. 

3301.  Motion  of  light  supplies  a  convenient  unit  for  the 
stellar  distance.  —  In  the  contemplation  of  such  numbers  the 
imagination  is  lost,  and  no  other  clear  conception  rismains, 
except  of  the  mere  arithmetical  expression  of  the  result  of  the 
computation.  Astronomers  themselves,  accustomed  Ab  they  are- 
to  deal  with  stupendous  liumbers,  are  compelled  to  seek  for 
units  of  proportionate  magnitude  to  bring  the  arithmetical 
expression  of  the  quantities  withiii  moderate  limits.  The  mo- 
tion of  light  supplies  one  of  the  most  convenient  moduli  for 
this  purpose,  and  has,  by  common  consent,  beeti  adopted  as  the 
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unit  in  all  computations  whose  object  is  to  gauge  the  uniyerse. 
We  have  shown  that  light  moves  at  the  rate  of  192000  miles 
per  second.  If,  then,  the  distance  d  above  computed  be  divided 
bj  192000;  the  quotient  will  be  the  time,  expressed  in  seconds^ 
which  light  takes  to  move  over  that  distance.  But  since  even 
this  will  be  an  unwieldy  number^  it  may  be  reduced  to  mi- 
nutes, hours,  dajs,  or  even  to  years. 

In  this  manner  we  find  that,  if  anj  star  have  a  parallax 
of  l*',  it  must  be  at  such  a  distance  from  our  system  that  light 
would  take  3*23^  years,  or  three  years  and  eighty-five  days,  to 
come  from  it  to  the  earth. 

If  the  space  through  which  light  moves  in  a  year  be  taken, 
therefore,  as  the  unit  of  stellar  distance,  and  v  be  the  parallax 
expressed  in  seconds  or  decimals  of  a  second,  we  shall  have 

^      3-235 

«r 

3302.  Methods  of  aseeriaining  the  paraJUue^  and  eon$^ 
quently  the  distance,  —  It  will  easily  be  imagined  that  astro- 
nomers have  diligently  directed  their  observations  to  the 
discovery  of  some  change  of  apparent  position,  however  small, 
produced  upon  the  stars  by  the  earth's  motion.  As  the  stars 
piost  likely  to  be  affected  by  the  motion  of  the  earth  are  those 
which  are  nearest  to  the  system,  and  therefore  probably  which 
are  brightest  and  largest,  it  has  been  to  such  chiefly  that  this 
kind  of  observation  has  been  directed ;  and  since  it  was  certain 
that,  if  any  observable  effect  be  produced  by  the  earth's  motion 
at  all,  it  must  be  extremely  small,  the  nicest  and  most  delicate 
means  of  observation  were  those  alone  fh>m  which  the  dis- 
covery could  be  expected. 

One  of  the  earlier  expedients  adopted  for  the  solution  of  this 
problem  was  the  erection  of  a  telescope,  of  great  length  and 
power,  in  a  position  permanently  fixed,  attached,  for  example, 
to  the  side  of  a  pier  of  solid  masonry  erected  upon  a  foundation 
of  rock.  This  instrument  was  screwed  into  such  a  position 
that  particular  stars,  as  they  crossed  the  meridian,  would  ne- 
cessarily pass  within  its  field  of  view.  Micrometric  wires  were, 
in  the  usual  manner,  placed  in  its  eye-piece,  so  that  the  exact 
point  at  which  the  stars  passed  the  meridian  each  night,  could 
be  observed  and  recorded  with  the  greatest  precision.  The 
instrument  being  thus  fixed  and  immovable,  the  transits  of  the 
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siars  were  noted  each  night,  and  the  exact  places  where  they 
passed  the  meridian  recorded*  This  kind  of  ohservation  was 
carried  on  through  the  year ;  and  if  the  earth's  change  of  posi- 
tion, by  reason  of  its  annual  motion,  should  produce  any  effect 
upon  the  apparent  position  of  the  stars,  it  was  anticipated  that 
such  effect  would  be  discovered  by  these  meansi  Aiiter,  how- 
ever, making  all  allowance  for  the  usual  causes  which  affect 
the  apparent  position  of  the  stars,  no  change  of  position  was 
discovered  which  could  be  assigned  to  the  earth's  motion. 

3303.  Professor  HendersoiCs  discovery  of  the  parallax  of  » 
Centauru  —  Notwithstanding  the  numerous  difiSculties  which 
beset  the  solution  of  this  problem,  by  means  of  observations 
made  with  the  ordinary  instruments  Professor  Henderson^ 
during  his  residence  as  astronomer  at  the  Royal  Observatory 
at  the  Cape  of  Good  Hope,  succeeded  in  making  a  series  of 
observations  upon  the  star  designated  a  in  the  constellation  of 
the  Centaur,  which,  being  afterwards  submitted  by  him  to  the 
proper  reductions,  gave  a  parallax  of  1^  Subsequent  obser- 
vations made  by  his  successor,  Mr.  Maclear,  at  the  same  obser^ 
vatory,  partly  with  the  same  instrument,  and  partly  with  an 
improved  and  more  efficient  one  of  the  same  class,  have  fully 
confirmed  this  result,  giving  0*9128,  or  ^^ths  of  a  second  as 
the  parallax. 

It  is  worthy  of  remark,  that  this  conclusion  of  Messrs.  Hen« 
derson  and  Maclear  is  confirmed  in  a  remarkable  manner,  by 
the  fact  that  like  observations  and  computations  applied  to 
other  stars  in  the  vicinity  of  »  Centauri,  and  therefore  subject 
to  like  annual  causes  of  apparent  displacement,  such  as  the 
mean  annual  variation  of  temperature,  gave  no  similar  result, 
showing  thus  that  the  displacement  found  in  the  case  of  « 
Centauri  could  only  be  ascribed  to  parallax. 

Since  the  limits  of  error  of  this  species  of  observation 
affecting  the  final  result  cannot  exceed  the  tenth  of  a  second, 
it  may  then  be  assumed  as  proved,  that  the  parallax  of  » 
Centauri  is  1'^,  and  consequently  that  its  distance  from  the 
solar  system  is  such  that  light  must  take  3*235  years  to  move 
over  it. 

3304.  Differential  method.-^ln  the  practical  application  of 
the  preceding  and  all  similar  methods  of  ascertaining  the  stellar 
parallax,  it  must  not  be  imagined  that  every  apparent  deviation 
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from  a  fixed  position  that  may  be  obserred,  is  to  be  immedi* 
ately  placed  to  the  account  of  parallax.  There  are  a  great 
number  of  other  causes  of  apparent  displacement,  which  must 
first  be  allowed  for;  and  it  is  only  after  eliminating  these,  and 
discovering  the  quantity  and  direction  of  the  residual  displace- 
ment, that  we  are  in  a  position  to  pronounce  upon  the  existence 
and  quantity  of  the  parallax.  But  in  all  such  calculations  the 
yarious  quantities  to  be  thus  taken  into  account  and  previously 
eliminated,  are  subject  to  errors,  small  in  magnitude  it  is  true, 
but  still  great  enough  on  the  whole  to  absorb  the  entire  amount 
of  a  residual  phenomenon  so  minute  as  the  stellar  parallax 
must  in  most  cases  be.  All  such  methods  of  obserratioa  and 
calculation  are  therefore  liable  to  be  rendered  abortive  by  the 
fact,  that  they  are  subject  to  sources  of  ultimate  error,  the 
amount  of  which  may  be  greater  than  the  quantity  sought. 

Independent  of  this  class  of  errors,  there  are  others  which 
do  not  less  impede  the  discovery  of  a  quantity  so  exceedingly 
minute  as  the  parallax,  and  which  have  a  very  different  origin. 
All  astronomical  instruments  are  exposed  to  uncertdn  and  vari-^ 
able  changes  of  temperature,  which  cause  the  materials  of  which 
they  are  composed,  to  undergo  equally  uncertain  and  variable 
expansions  and  contractions.  The  piers  of  stone-work  to  which 
they  are  attached,  nay,  the  very  foundation  on  which  these  piers 
rest,  is  liable  to  these  changes,  which  more  especially  affect  the 
result  of  the  comparison  of  observations  made  at  intervals  of 
six  months,  and  therefore  at  opposite  seasons  of  the  year  when 
tlie  effects  of  difference  of  temperature  are  the  most  aggravated. 
*♦  Hence,"  as  Sir  John  Herschel  observes,  "arise  slow  oscilla- 
tory movements  of  exceedingly  minute  amount,  which  levels 
and  plumb  lines  afford  but  very  inaccurate  means  of  detecting, 
and  which  being  also  annual  in  their  period  (after  r^ecting 
whatever  Is  merely  casual  and  momentary),  mix  themselves 
intimately  with  the  matter  of  our  inquiry,"  and  give  results 
which  are  especially  liable  to  be  mistaken  for  those  of  stellar 
parallax.  Refraction  itself,  besides  its  casual  and  irregular 
changes,  is  subject  to  mean  periodical  variations  which  vary  in 
different  latitudes,  and  in  different  places  in  the  same  latitude, 
according  to  unascertained  laws,  but  which,  having  periods 
dependent  on  the  seasons,  and  therefore  annual,  must  always 
be  liable  to  be  confounded  with  those  of  parallax. 

It  was,  therefore,  highly  desirable  to  discover  a  method  of 
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detecting  the  stellar  parall&x,  which,  while  it  would  be  free  from 
the  uncertainties  attending  the  other  sources  of  displacement 
which  are  eliminated  subject  to  a  certain  limit  of  error,  should 
also  be  independent  of  the  sources  of  error  of  the  latter  class, 
Thid  object  was  attained  by  an  expedient  which  we  shall  now 
explain. 

Let  s,^</.  864.,  be  a  star  which  we  will  suppose  to  have 

sensible  parallax;  and  let 

A  B,  a'  b'  be  its  parallactic 

ellipse.    Let  s'  be  another 

star  situate  in  the  same 

parallel    to  the   ecliptic, 

and  therefore  having  the 

same  latitude,  and  so  near 

to   it  as  to  be  included 

with  s  in  the  field  of  the 

telescope;  and  let  s"  be 

another    situate    in    thQ 

Fig.  864.  ggnj^   circle  of   latitude, 

and  therefore  having  the  same  longitude  as  s,  and  also  so  near 

t^  s  as  to  be  included  in  the  field  of  view  of  the  tAescope. 

Let  us  suppose  for  the  present,  that  the  stars  s'  and  s'^  havQ 
no  sensible  parallax,  and  therefore  undergo  no  apparent  change 
of  position  throughout  the  jear.  From  what  has  been  already 
explained,  it  will  be  evident  that  the  apparent  place  of  s  will 
be  a\  when  the  sun's  longitude  exceeds  that  of  the  star  by  90°  \ 
it  will  be  B,  when  it  exceeds  it  by  180° ;  a,  when  it  exceeds  it 
by  270° ;  and  b\  when  the  sun's  longitude  is  the  same  as  that  of 
the  star.  The  semi-axis  major  s  a  of  the  parallactic  ellipse  is 
tlie  actual  parallax,  or  the  angle  which  the  semidiameter  of 
the  earth's  orbit  subtends  at  the  star.  Let  this  be  expressed 
by  'or.  SB  the  semi-axis  minor  will  be  found  by  multiplying 
this  last  by  the  sine  of  the  star's  latitude,  as  has  been  already 
explained.  Let  this  latitude  be  expressed  by  X;  we  shall 
therefore  have 

8  A  =  «r,      8  B  =  <v   X   sin  X. 

Let  s' A  =  D,  s' a'  =  <f,  and  s'  fi  =s  A.  Sihce  8  a  =  8  a'  =  «r, 
we  shall  have 

that  is,  the  true,  distance  between  the  stars  s  and  s'  is  half  the  suiq 
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of  their  apparent  distances  at  the  times  when  the  difference 
between  their  longitude  and  that  of  the  sun  is  270''  and  90^, 
and  the  parallax  of  s  is  half  the  difference  between  the  same 
apparent  distances. 

In  like  manneri  let  s"  b^  =  d',  s"  b  s=  <f  »  and  s'^s  =  A,  and  we 
shall  have 

A'  =  }  (^'  +  ^»  ir  X  sin.  X  =  i  (d'  —  if) ; 

that  is,  the  true  distance  is  half  the  sum  of  the  apparent 
distances  when  the  difference  of  longitude  of  the  sun  and  star 
is  0"*  and  180^  and  the  parallax  is  half  the  difference  of  the 
siMne  distances  divided  bj  the  sine  of  the  starts  latitude. 

It  is  evident,  therefore,  that  under  the  supposition  here  made 
of  the  absence  of  all  sensible  parallax  in  the  subsidiary  stars 
s'  and  s",  the  actual  parallax  of  the  star  s  would  be  found  by 
measuring  with  the  micrometer  the  distance  between  the  stars 
8  and  s',  at  the  epochs  when  the  sun*s  longitude  differs  from 
that  of  the  star  by  90^  and  370°. 

In  like  manner,  the  parallax  would  be  found  by  comparing 
the  star  s  with  the  star  s^'  at  the  epoch  when  the  difference 
between  the  longitude  of  the  sun  and  that  of  the  star  is  0°  and 
ISO'. 

It  is  evident,  that  the  four  observations  here  indicated,  two 
upon  each  of  the  stars,  will  be  made  at  intervals  of  three 
months,  determined  by  the  epochs  at  which  the  longitude  of 
the  sun  exceeds  that  of  the  star  by  0^  90",  180%  and  270''. 

The  precision  with  which  micrometrical  measurements  can 
be  effected,  when  applied  to  two  or  more  objects  which  are 
simultaneously  present  in  the  field  of  view  of  the  telescope, 
renders  this  method  of  observation  susceptible  of  extraordi- 
nary exactness^  It  is  also  attended  with  the  obvious  advantage 
of  being  totally  independent  of  all  disturbing  causes  whicli,  in 
this  case,  equally  affect  all  the  objects  present  simultaneously  in 
the  field  of  view  ;  thus  all  the  uncertainties  attending  the  effects 
of  refraction,  aberration,  precession,  nutation,  &C.,  may  be 
here  discarded,  as  not  interfering  in  any  way  with  the  final 
result  of  the  observations. 

3305.  Position  micrometer^  its  application  to  this  problem. — 
But  these  are  not  the  only  indications  of  the  steUar  parallax 
presented  by  this  method  of  observation.  An  arrangement 
provided  in  the  micrometers  applied  on  the  eye-piece  of  the  as- 
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tronomical  iosirument,  supplies  the  observer  with  the  mean%  not 
only  of  measuring  the  apparent  distance  between  two  or  more 
points  which  are  present  simultaneously  in  the  field  of  view,  but 
also  the  direction  of  the  line  joining  these  two  points  with  rela- 
tion to  some  fixed  direction,  such,  for  example,  as  a  parallel  or  a 
perpendicular  to  the  ecliptic.  Thus,  when  the  star  s  is  seen  at 
A,  the  direction  of  the  line  joining  it  with  the  star  s',  is  parallel 
to  the  ecliptic ;  but  when  it  is  seen  at  b,  the  line  b  s'  joining 
it  with  the  star  s'  is  inclined  to  the  ecliptic  at  the  angle  b  s'  s. 

The  micrometric  apparatus  just  indicated,  which  from  its  use 
is  called  the  pontian  micrometer,  enables  the  observer  to  measure 
with  the  greatest  precision  the  angle  b  s'  s,  and  in  like  manner 
to  measure  the  equal  angle  b'  s''  s  when  the  star  s  is  seen  at  the 
lowest  point  b^  of  the  parallactic  ellipse. 

The  same  apparatus  enables  the  observer  to  measure  the 
angle  a  s^^  s,  which  the  line  joining  the  stars  s  s'  when  the  sun's 
longitude  exceeds  that  of  the  star  by  90^  makes  with  a  perpen- 
dicular  to  the  ecliptic,  that  is,  the  angleAS^'s,  and  in  like 
manner  he  can  measure  the  angle  a,'  s''  s. 

Let  the  angle  38^8  =  ^  and  let  the  angle  As'^s^^^;  we 
shall  then  have 

V  X  sin.  X  =  i  (d  +  rf)  X  tan.  ^ 
«Dr  =  ^  (i/  +  cT)  X  tan.  ^'. 

If,  therefore,  the  angles  ^  and  ^^  be  ascertained,  they  supply 
further  data  by  which  the  results  of  the  combined  observations 
may  be  verified. 

If  the  subsidiary  stars  s'  and  s"  be  not  in  the  exact  position 
here  assumed,  but  have  latitudes  and  longitudes  differing  more 
or  less  from  those  of  the  star  s,  the  question  will  be  somewhat 
modified,  but  its  investigation  will-present  no  difficulty. 

3306.  C(ue  of  two  stars  having  equal  parallax.  — If  the  two 
stars  seen  at  once  in  the  field  of  view  of  the  telescope  have 
equal  parallaxes,  both  being  sensible,  they  will  appear  to  de- 
scribe similar  parallactic  ellipses,  and  will  from  time  to  time 
occupy  similar  positions  in  these  ellipses,  since  their  posi* 
tion  will  be  determined  by  the  difference  of  longitudes  of  the 
sun  and  the  stars.  It  follows  from  this,  that  the  lines  drawn 
from  the  centres  of  the  parallactic  ellipses  to  any  simultaneous 
positions  of  the  stars  in  these  ellipses,  will  be  parallel  and 
equal ;  and  consequently  the  line  joining  the  stars  will  always 
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be  parallel  to  the  major  axis  of  the  ellipae  and  always  equal  to 
the  true  distance  between  the  stars.  This  will  easily  be  com- 
prehended by  reference  to^.  865.,  where  s  and  #  are  the  trae 


Fig.  865. 

positions  of  the  stars,  and  aba' b^  and  aba' b\  the  two  pa<« 
rallactic  ellipses,  and  p  and  p  simoltaneoos  positions  of  the 
stars  in  these  ellipses.  The  semidiameters  s  p  and  »p  bdng' 
parallel,  it  is  evident,  that  pp  will  be  equal  to  8  j^  that  is  to 
say,  the  apparent  distance  between  the  stars  will  be  equal  to 
the  true  distance  between  them;  and  the  line  pp,  joining  the 
simultaneous  positions  of  the  stars  will  be  constantly  parallel  to 
the  line  s  #,  that  is,  to  the  ecliptic  But  if  the  star  #  be  not,  as. 
here  supposed,  in  the  same  parallel  to  the  ecliptic  with  the  star 
8»  the  same  will  nerertheless  be  true,  the  line  joining  the  ap- 
parent places  of  the  two  stars  being  always  parallel  to  the  line 
joining  their  true  places.  It  is  evident,  therefore,  that  if  the 
two  stars  thus  compared  had  exactly  equal  parallaxes,  which 
they  would  have  if  they  were  at  exactly  equal  distances  from 
the  solar  system,  this  method  of  observation  would  not  supply 
any  means  of  determining  the  common  value  of  their  parallax. 

3307.  Coie  in  which  they  have  unequal  parallaxes. — But  if 
while  the  parallax  of  the  subsidiary  star  is,  on  the  one  hand,  not 
absolutely  insensible,  as  first  supposed,  nor,  on  the  other,  equal 
to  that  of  the  principal  star,  but  it  is  much  less  than  that  of 
the  principal  star,  then  the  subsidiary  star  will  appear  to  move 
in  a  parallactic  ellipse  proportionally  smaller  than  that  of  the 
principal  star. 

Let  aba' b%  fig,  866.,  be  the  parallactic  ellipse  of  the  prin* 
cipal  star,  and  let  aba'b'  be  the  parallactic  ellipse  of  the 
subsidiary  star,  which  to  simplify  the  explanation  we  will  sup- 
pose, as  before,  to  be  in  the  same  parallel  to  the  ecliptic  with 
the  principal  star.     Since  thQ  two  stars  have  jthe  same  latitude. 
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tbeir  parallactic  dlips^s  will  be  similar,  and  their  minor  axes 
will  consequently  bear  the  same  ratio  to  their  nugor  axes,  as 


Fig«  866. 

represented  in  the  figure.  The  simultaneous  places  of  the 
two  stars  in  the  parallactic  ellipses,  will  also  be  such  that  the 
semidiameter  of  the  ellipses  8  p  and  sp  which  pass  through 
them,  will  always  be  parallel.  But  since,  in  this  case,  s  p  will 
always  be  less  than  s  p,  the  line  p/i,  which  joins  the  simul- 
taneous places  of  the  stars,  will  not,  as  in  the  former  case,  be 
parallel  to  s  «,  nor  equal  to  it.  It  will,  on  the  contrary,  be  in- 
clined to  it  at  an  angle  which  will  vary  with  the  position  of  the 
stars  in  the  parallactic  ellipses,  and  which  will  increase  gradually 
from  the  points  a  a  to  the  points  b  6,  where  its  obliquity  to  the 
line  8  «  is  greatest 

Let  A  a,  the  apparent  distance  between  the  two  stars  when 
the  sun's  longitude  exceeds  that  of  the  star  by  90°,  be  expressed 
as  before  by  d  ;  and  let  Af  a\  their  apparent  distance  when 
the  sun's  longitude  exceeds  that  of  the  star  by  270°,  be  ex*^ 
pressed  by  d*  Let  the  parallax  SA  of  the  principal  star  be 
expressed  by  v,  and  let  the  parallax  sa  of  the  subsidiary  star 
be  expressed  by  vr\  The  true  distance,  8  «,  between  the  stars, 
being  expressed  as  before  by  A,  we  shall  hare 

I1ie  results  are,  therefore,  absolutely  the  same  as  if  the  subsi- 
diary star  8  had  no  sensible  parallax,  and  the  parallax  of  the 
principal  star  8  were  equal  to  the  difference  between  its  paraUax 
and  that  of  the  subsidiary  star.  K  the  problem  be  pursued 
through  its  other  details,  it  will  be  found  that  the  changes  of 
inclination  of  the  line  joining  the  apparent  places  of  the  two 
stars  to  a  fixed  line,  such  as  the  parallel  to  the  ecliptic,  will  also 
be  the  same  as  they  would  be  if  the  subsidiary  star  had  no 
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^Dslble  parallax,  and  the  principal  star  had  a  parallax  equal  to 
the  difference  of  the  parallaxes. 

3808.  Parallax  of  nine  stars  ascertained. — Notwithstand- 
ing the  great  multitude  of  stars  to  which  instruments  of  obser- 
vation  of  unlooked-for  perfection^  in  the  hands  of  the  mo3t  able 
and  zealous  observers,  have  been  directed,  the  results  of  all  such 
labours  have  hitherto  been  rather  negative  than  positive.      The 
means  of  observation  have  been  so  perfect,  and  their  applies* 
tion  so  extensive,  that  it  may  be  considered  as  proved  bj  the 
absence  of  all  measureable  displacement  consequent  upon  the 
orbital  motion  of  the  earth  that^  a  verj  few  individual  stars  ex- 
cepted, the  vast  multitude  of  bodies  which  compose  the  universe 
and  which  are  nightlj  seen  glittering  in  the  firmanent,  are  at 
distances  from  the  solar  system  greater  than  that  which  would 
produce  an  apparent  displacement  amounting  to  the  tenth  of  a 
second.     This  limit  of  distances  is,  therefore,  ten  parallactic 
units,  or  about  two  million  times  the  space  between  the  earth 
and  sun. 

.  Within  this  limit,  or  very  little  beyond  it,  nine  stars  have 
been  found  to  be  placed,  the  nearest  of  which  is  that  already 
mentioned,  of  which  Professor  Henderson  discovered  the 
parallax.  Those  of  the  others  are  due  to  the  observations  of 
Messrs.  Bessel,  Struve,  and  Peters.  In  the  following  Table  the 
parallaxes  of  these  stars  are  given  with  their  corresponding  dis- 
tances expressed  in  parallactic  units,  and  also  in  the  lai^^ 
unit  presented  by  the  distance  through  which  light  moves  in  a 
year. 

The  parallax  of  the  first  seven  of  these  stars  may  be  consi- 
dered as  having  been  ascertained  with  tolerable  certainty  and 
precision.  The  very  small  amount  of  that  of  the  last  two  is 
such  as  to  render  it  more  doubtful.  What  is  certain,  however, 
in  relation  to  these  is,  that  the  actual  amount  of  their  parallax 
is  less  than  the  tenth  of  a  second. 
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TABLE. 

Nine  Stars,  with  their  ascertained  Parallax  and  corresponding  Distances^ 


star. 

Ftfallas. 

Dbtamw. 

ObMTVOT. 

Sun'kidtat.s.l''. 

Aim.iBot.oriJgbtBi. 

m  Centaur! 

0-913" 

225916 

8-54325 

Henderson. 

eiCjgnl    -      . 

0-W8 

592712 

9-29580 

Beuel. 

m  Ljns 

0^1 

790889 

12*89400 

Strure. 

Slriof         .       . 

0-230 

896780 

14*0650 

Henderson. 

1830  Groombridg« 

0-226 

912060 

14*8140 

Peters. 

sVnm       -       . 

0-133 

1550800 

24*3280 

Peters. 

Arctorui    - 

0-12T 

1624100 

25*4725 

Petwrs. 

PoUrU       -      - 

0-067 

3078400 

48*2838 

Peters. 

Ci4>ella      -       - 

0K>46 

4484000 

73-6400 

Peters. 

CHAP.  XXVL 

MAQNITUDE  AKB  LUSTKE  OF  THE  STARS. 

3309.  Orders  of  magnitude  of  the  stars.  —  Among  the  mul- 
titade  of  stars  dispersed  over  the  firmament,  we  find  a  great 
variety  of  splendour.  Those  which  are  the  brightest  and. 
largest,  and  which  are  said  to  be  of  the  first  magnitude^  are 
few ;  the  next  in  order  of  brightness,  which  are  called  of  the 
second  magnitude,  are  more  numerous ;  and  as  they  decrease  in 
brightness  their  number  rapidly  increases. 

The  number  of  stars  of  the  first  magnitude  does  not  exceed 
twenty-four ;  the  second,  fifty  ;  the  third,  two  hundred ;  and  so 
on,  the  number  of  the  smallest  visible  without  a  telescope  being 
from  12,000  to  15,000. 

The  stars  which  are  capable  of  being  seen  by  the  naked  eye 
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are  luuaUj  resolved  into  seven  orders  of  magnitade  — the  first 
being  the  brightest  and  largest,  while  those  of  the  seventh  mag- 
nitude are  the  smallest  that  the  eye  can  distinctly  see. 

3310.  These  varieties  of  magnitude  caused  chiefly  by  diiffe^ 
renee  of  distance. — Are  we  to  suppose*  then,  that  this  relative 
brightness  which  we  perceive,  really  arises  from  any  difference 
of  intrinsic  splendour  between  the  objects  themselves?  or  does  it, 
as  it  may  equally  do,  arise  from  their  difference  of  distance? 
Are  the  stars  of  the  seventh  magnitude  so  much  less  bright  and 
conspicuous  than  those  of  the  first  magnitude,  because  they  are 
really  smaller  orbs  placed  at  the  same  distance?  or  because, 
being  intrinsically  equal  in  splendour  and  magnitude,  the  dis- 
tance of  those  of  the  seventh  magnitude  is  so  much  greater  than 
the  distance  of  those  of  the  first  magnitude  that  they  are  dimi- 
nished in  their  apparent  brightness  ?  We  know  that  by  the 
laws  of  optics  the  light  received  from  a  luminous  object  dimi- 
nishes in  a  very  rapid  proportion  as  the  distance  increases. 
Thus  at  double  the  distance  it  will  be  four  times  less,  at  triple 
the  distance  it  will  be  nine  times  less,  at  a  hundred  times  the 
distance  it  will  be  ten  thousand  times  less,  and  so  on. 

It  is  evident,  then,  that  the  great  variety  of  lustre  which 
prevails  among  the  stars  may  be  indifferently  explained,  either 
by  supposing  them  objects  of  different  intrinsic  brightness  and 
magnitude,  placed  at  the  same  distance ;  or  objects  generally 
of  the  same  order  of  magnitude,  placed  at  a  great  diversi^  of 
distances. 

Of  these  two  suppositions,  the  latter  is  infinitely  the  more 
probable  and  natural ;  it  has,  therefore,  been  usually  adopted : 
and  we  accordingly  consider  the  stars  to  derive  their  variety  of 
lustre  almost  entirely  from  their  places  in  the  universe  being  at 
various  distances  from  us. 

331 1.  Stars  as  distant  from  each  other  generally  as  they  art 
from  the  sun. — Taking  the  stars  generally  to  be  of  intrin« 
sically  equal  brightness,  various  theories  have  been  proposed  as 
to  the  positions  which  would  explain  their  appearance ;  and 
the  most  natural  and  probable  is,  that  their  distances  from  each 
other  are  generally  equal,  or  nearly  so,  and  correspond  with 
(he  distance  of  our  sun  from  the  nearest  of  them.  In  this  way 
the  fact  that  a  small  number  of  stars  only  appear  of  the  first 
magnitude,  and  that  the  number  increases  very  rapidly  as  the 
magnitude  diminishes,  is  easily  rendered  intelligible, 

:   3312.  Why  stars  increase  in  numbp'  as  they  decrease  in  mag* 
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niiude^^H  we  imagine  a  person  standing  in  the  midst  of  a  wood, 
surrounded  by  trees  on  every  side  and  at  every  distance,  those 
which  immediately  surround  him  will  be  few  in  number,  and 
by  proximity  will  appear  large.  The  trunks  or  stumps  of  thosd 
which  occupy  a  circuit  beyond  the  former,  will  be  more  nume- 
rous, the  circuit  being  wider,  and  will  appear  smaller,  because 
their  distance  is  greater.  Beyond  these  again,  occupying  a 
still  wider  circuit,  will  appear  a  proportionally  augmented 
number,  whose  apparent  magnitude  will  again  be  diminished 
by  increased  distance ;  and  thus  the  trees  which  occupy  wider 
and  wider  circuits  at  greater  and  greater  distances  will  be  more 
and  more  numerous,  and  will  appear  continually  smaller.  It  is 
the  same  with  the  stars ;  we  are  placed  in  the  midst  of  an  im-* 
mense  cluster  of  suns,  surrounding  us  on  every  side  at  incon- 
ceivable distances.  Those  few  which  are  placed  immediately 
about  our  system,  appear  bright  and  large,  and  we  call  them 
$tar9  of  the  first  magnitude.  Those  which  lie  in  the  circuit 
beyond,  and  occupy  a  wider  range,  are  more  numerous  and 
less  bright ;  and  we  call  them  stars  of  the  second  magnitude. 
And  there  is  thus  a  progression  increasing  in  number  and 
distance  and  diminishing  in  brightness,  until  we  attain  a  dis-* 
tance  so  great  that  the  stars  are  barely  visible  to  the  naked  eye. 
This  is  the  limit  of  vision.  It  is  the  limit  of  the  range  of  thQ 
eye  in  its  natural  condition ;  but  an  eye  has  been  given  us  more 
potent  still,  and  of  infinitely  wider  range, — ^the  eye  of  the  mind. 
The  telescope,  a  creature  of  the  understanding,  has  conferred 
upon  the  bodily  eye  an  infinitely  augmented  range,  and,  as 
we  shall  presently  see,  has  enabled  us  to  penetrate  into  realms 
of  the  universe,  which,  without  its  aid,  would  never  have 
been  known  to  us.  But  let  us  pause  for  the  present  and  dwell 
for  a  moment  upon  that  range  of  space  which  comes  within 
the  scope  of  natural  vision. 

3313.  What  are  the  fixed  stars?— The  extent  of  the  stellar 
universe  visible  to  the  naked  eye,  and  the  arrangement  of  stars 
in  it  and  their  relative  distances,  have  just  been  explained. 
But  curiosity  will  be  awakened  to  discover,  not  merely  the  posi- 
tion and  arrangement  of  those  bodies,  but  to  ascertain  what  is 
their  nature,  and  what  parts  they  play  on  the  great  theatre  of 
creation.  Are  they  analagous  to  our  planets  ?  Are  they 
inhabited  globes,  warmed  and  illuminated  by  neighbouring 
suns  ?  Or,  on  the  other  hand,  are  they  themselves  suns,  dis«f 
pensing  light  and  life  to  systems  of  surrounding  worlds  P 
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8814.  Teteicope*  do  not  magnify  them  like  the  planet^-^ 
When  a  telescope  is  directed  to  a  star,  the  effect  prodaced  is 
strikingly  different  from  that  which  we  find  when  it  is  applied 
to  a  planet.     A  planet,  to  the  naked  eje,  with  one  or  two 
exceptions,  appears  like  a  common  star.     The  telescope,  how- 
ever, immediately  presents  it  to  us  with  a  distinct  circular 
disk  similar  to  that  which  the  moon  offers  to  the  naked  eye, 
and  in  the  case  of  some  of  the  planets  a  powerful  telescope  will 
render  them  apparently  even  larger  than  the  moon.     Bat  the 
effect  is  very  different  indeed  when  the  same  instrument  is 
directed  even  to  the  brightest  star.     We  find  that  instead  of 
magnifying,  it  actually  diminishes.   There  is  an  optical  illasi<»i 
prodaced  when  we  behold  a  star,  which  makes  it  appear  to  us 
to  be  surrounded  with  a  radiation  which  causes  it  to  be  repre* 
sented  when  drawn  on  paper,  by  a  dot  with  rays  diverging  on 
every  side  from  it.     The  effect  of  the  telescope  is  to  cut  off 
this  radiation,  and  present  to  us  the  star  as  a  mere  lucid  point, 
having  no  sensible  magnitude;  nor  can  any  augmented  tele- 
scopic power  which  has  yet  been  resorted  to,  produce  any  other 
effect.     Telescopic  powers  amounting  to  six  thousand  were 
occasionally  used  by  Sir  William  Herschel,  and  he  stated  that 
with  these  the  apparent  magnitude  of  the  stars  seemed  less^  if 
possible,  than  with  lower  powers. 

8815.  The  absence  of  a  dish  proved  by  their  occultation  by 
the  moon,  —  We  have  other  proofs  of  the  fact  that  the  stars 
have  no  sensible  disks,  among  which  may  be  mentioned  the 
remarkable  effect  called  the  occultation  of  a  star  by  the  dark 
edge  of  the  moon.  When  the  moon  is  a  crescent  or  in  the 
quarters,  as  it  moves  over  the  firmament,  its  dark  edge  succes- 
sively approaches  to,  or  recedes  from  the  stars.  And  from  time 
to  time  it  happens  that  it  passes  between  the  stars  and  the  eye. 
If  a  star  had  a  sensible  disk  in  this  case,  the  edge  of  the  moon 
would  gradually  cover  it,  and  the  star,  instead  of  being  instan* 
taneously  extinguished,  would  gradually  disappear.  This  is 
found  not  to  be  the  case ;  the  star  preserves  all  its  lustre  until 
the  moment  it  comes  into  contact  with  the  dark  edge  of  the 
moon*s  disk,  and  then  it  is  instantly  extinguished,  without  the 
slightest  appearance  of  diminution  of  its  brightness. 

8816.  Meaning  of  the  term  magnitude  as  applied  to  stars, '-^ 
It  may  be  asked  then,  if  such  be  the  case,  if  none  of  the  stars, 
great  or  small,  have  any  discoverable  magnitude  at  all,  with 
what  meaning  can  we  speak  of  stars  of  the  first,  second,  or 
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other  orders  of  magnitode  ?  The  term  magnitude  thus  applied, 
waa  used  before  the  invention  of  the  telescope,  when  the  stars, 
having  been  observed  only  with  the  naked  eye,  were  really 
supposed  to  have  different  magnitudes.  We  must  accept  the 
term  now  to  express,  not  the  comparative  magnitude,  but  the 
comparative  brightness  of  the  stars.  Thus  a  star  of  the  first 
magnitude,  means  of  the  greatest  apparent  brightness ;  a  star 
of  the  second  magnitude,  means  that  which  has  the  next  degree 
of  splendour,  and  so  on.  But  what  are  we  to  infer  from  this 
singular  fact,  that  no  magnifying  power,  however  great,  will 
exhibit  to  us  a  star  with  any  sensible  magnitude  ?  must  we 
admit  that  the  optical  instrument  loses  its  magnifying  power 
when  applied  to  the  stars,  while  it  retains  it  with  every  other 
visible  object  ?  Such  a  consequence  would  be  eminently  absurd. 
We  are  therefore  driven  to  an  inference  regarding  the  magni« 
tude  of  stars,  as  astonishing  and  almost  as  inconceivable  as  that 
which  was  forced  upon  us  respecting  their  distances.  We  saw 
that  the  entire  magnitude  of  the  annual  orbit  of  the  earth,  stu* 
pendous  as  it  is,  was  nothing  compared  to  the  distance  of  one 
of  those  bodies,  and  consequently  if  that  orbit  were  filled  by  a 
sun,  whose  magnitude  would  therefore  be  infinitely  greater 
than  that  of  ours,  such  a  sun  would  not  appear  to  an  observer 
at  the  nearest  star  of  greater  magnitude  than  1" ;  consequently 
would  have  no  magnitude  sensible  to  the  eye,  and  would  appear 
as  a  mere  lucid  point  to  an  observer  at  the  star  I  We  are  then 
prepared  for  the  inference  respecting  the  fixed  stars  which 
telescopic  observations  lead  to.  The  telescope  of  Sir  William 
Herschel,  to  which  he  applied  a  power  of  six  thousand,  did  un- 
doubtedly magnify  the  stars  six  thousand  times,  but  even  then 
their  apparent  magnitude  was  inappreciable.  We  are  then  to 
infer  that  the  distance  of  these  wonderful  bodies  is  so  enormous 
compared  with  their  actual  magnitude,  that  their  apparent  dia- 
meter, seen  from  our  system,  is  above  six  thousand  times  less 
than  any  which  the  eye  is  capable  of  perceiving. 

8317.  Why  stars  may  he  rendered  imperceptible  by  their 
distance, — It  appears,  therefore,  that  stars  are  rendered  sensible 
to  the  eye^  not  by  subtending  a  sensible  angle,  but  by  the  light 
they  emit.  It  has  been  already  explained  (1131.)  that  an  iUu- 
minated  or  luminous  object,  such  for  example  as  the  sun,  has 
the  same  apparent  brightness  at  all  distances,  and  consequently, 
that  the  quantity  of  light  which  the  eye  of  an  observer  receives 
from  it  being  in  the  exact  ratio  of  the  apparent  area  of  its 
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visual  disk,  is  inyerselj  as  the  square  of  its  distance.  It 
remiunSy  however,  to  explain  how  it  can  be  that,  after  it  ceases 
to  have  a  disk  of  sensible  diameter,  it  does  not  cease  to  be 
visible.  This  arises  from  the  fact  that  the  luminous  point 
constituting  the  image  on  the  retina,  is  intrinsicaUj  as  bright  as 
when  that  image  has  a  large  and  sensible  magnitude.  The  eje 
is  therefore  sensible  to  the  light,  though  not  sensible  to  the 
magnitude  of  the  image ;  and  it  continues  to  be  sensible  to  the 
light,  until  by  increase  of  distance  the  light  which  enters  the 
pupil  and  is  collected  on  the  retina,  though  still  as  intense  in 
its  brilliancy  as  before,  is  so  small  in  its  guantifyy  that  it  is 
insufficient  to  produce  sensation. 

3318.  Ckusificatian  of  stars  by  magnitudes  arbitrary  and 
insufficient — The  distribution  of  the  stars  visible  to  the  naked 
eye  into  seven  orders  of  magnitude,  has  been  so  long  and  so 
generally  received,  and  is  referred  to  so  universally  in  the 
works  of  astronomers,  ancient  and  modem,  that  it  would  be 
impossible  altogether  to  supersede  it,  and  if  possible,  such  a 
change  would  be  attended  with  great  inconvenience.  Never* 
theless,  this  classification  is  open  to  many  objections,  and  i% 
from  its  looseness  and  want  of  definiteness  and  precision,  in 
mngular  discordance  with  the  actual  state  of  astronomical  science. 
The  stars  which  abound  in  such  countless  numbers  on  the 
firmament,  are  of  infinite  gradations,  from  that  of  Sirius,  the 
most  splendid  object  of  this  class,  to  the  most  faint  stars  which 
the  sharpest  and  most  practised  eye  can  distinguish  on  the 
darkest  and  clearest  night.  To  distribute  such  a  series  so 
imperceptibly  decreasing  in  splendour,  into  seven  orders  of 
magnitude,  must  obviously  be  an  arbitrary  process,  in  which  no 
two  observers  could  possibly  agree.  There  are  no  natural 
breaks  of  continuity  by  which  the  stars  of  the  first  magnitude 
could  be  separated  from  those  of  the  second,  the  second  from 
those  of  the  third,  and  so  on.  Whatever  be  the  stars  assigned 
to  any  class,  the  brightest  will  be  undistinguishable  from  the 
faintest  of  those  of  the  next  superior  magnitude,  and  the 
faintest  will  be  equally  undistinguishable  from  the  brightest 
of  the  next  inferior  magnitude. 

The  stars  assigned  to  any  order  of  magnitude,  must  in  such 
a  classification  difier  greatly  one  from  another  in  brightness. 
Thus,  of  the  24  or  25  stars  that  are  usually  assigned  to  the 
first  magnitude  in  the  received  classification,  Sirius,  the  bright- 
est, is  about  four  times  as  bright  as  »  Centauri,  which  may  bo 
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taken  as  the  tjpe  of  the  average  brightness  of  stars  of  this 
magnitude. 

3319.  Importance  of  more  exact  astrometric  expedients.  ^^ 
When  it  is  considered  that  the  exact  ratio  of  the  apparent  lustrd 
of  the  stars,  combined  with  their  parallaxes  when  the  latter  are 
known,  supplies  the  data  bj  y^rhich  the  absolute  splendour  of 
these  bodies  may,  as  will  presently  appear,  be  calculated  ;  and 
further,  that  thej  may  be  thus  brought  into  immediate  nume- 
rical comparison  with  the  sun,  which  is  itself  only  an  individual 
of  the  same  class  of  bodies,  the  importance  of  the  expedients 
for  the  more  exact  estimation  of  their  relative  lustre,  and  a 
more  precise  basis  of  classification  as  to  apparent  magnitude, 
cannot  fail  to  be  felt  and  acknowledged.  The  importance  of 
this  is  rendered  still  greater  by  the  consideration  that  the 
parallax  of  a  very  small  number  of  stars  being  found  to  have 
appreciable  magnitude,  the  comparative  lustre  of  these  bodies 
taken  in  the  mass,  is  the  only  ground  upon  which  any  estimate 
of  their  relative  distances  can  be  determined ;  and  when  the 
large  number  which  are  subject  to  observation  is  considered, 
and  the  improbability  of  their  differing  greatly  in  intrinsic 
magnitude  taken  collectively  in  classes,  it  must  be  admitted 
that  their  relative  apparent  brightness  cannot  fail  to  be  a 
tolerably  exact  exponent  of  their  comparative  distances. 

3320.  Astrometer  contrived  and  applied  by  Sir  J,  HerscheL 
*~  During  his  residence  at  the  Cape,  Sir  J.  Herschel  contrived 
an  apparatus  for  the  more  exact  determination  of  the  relative 
lustre  of  the  stars,  and  applied  it  with  great  advantage  to  the 
determination  of  the  relative  brightness  of  a  considerable 
number  of  these  objects.  This  apparatus  consisted  of  a  rec- 
tangular glass  prism,  and  a  lens  so  mounted  that  two  celestial 
objects  might  be  seen  in  juxta-position,  one  directly,  and  the 
other  by  reflection  and  transmission  through  the  prism  and 
lens,  the  apparent  brightness  of  the  latter  being  capable  of 
being  varied  at  pleasure  by  the  observer,  so  that,  by  proper 
adjustments,  the  two  objects  thus  seen  may  be  rendered  sen* 
aibly  equal  in  brightness.  When  this  is  accomplished,  the 
arrangements  of  the  apparatus  are  such,  that  by  measuring  the 
distance  of  the  eye  of  the  observer  from  the  focus  of  the  lens, 
a  measure  may  be  obtained  by  which  the  compai'ative  lustre  of 
any  objects  to  which  the  apparatus  may  be  successively  directed 
may  be  determined. 
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To  render  this  Intelligible,  let  "fyfig.  867-  represent  tbe  rec- 
tangular prism,  one  of  the  faces  of  which  is  placed  so  as  to 


Fig.  867. 

receive  a  pencil  of  rays  passing  from  a  distant  object  J  p^rpeiu 
dicularly  upon  it.  These  rays  are  totally  reflected  (1006.)  by 
the  back  of  the  prism  at  p,  and  emerging  from  the  other  face 
of  the  prism,  are  received  upon  the  lens  l,  and  brought  to  a 
focus  F,  as  if  they  came  from  the  direction  p  F.  The  parallel 
pencil  is  thus  converted  into  a  divergent  pencil,  of  which  f  is 
the  focus,  and  the  point  f  will  appear  to  an  eye,  placed  any- 
where, as  at  E,  within  the  limits  of  the  divergent  pencil  as  a 
star,  the  apparent  brightness  of  which  will  be  more  or  less  ac- 
cording as  the  eye  is  nearer  to  or  more  distant  from  f.  It 
results  from  the  principles  of  optics,  that  the  apparent  bright- 
ness of  the  focal  point  f  will  be  inversely  as  the  square  of  the 
distance  £  f  of  the  eye  from  this  point.  If,  then,  h  express  the 
apparent  lustre  of  f  when  the  eye  is  at  the  unit  of  distance 
from  it,  M  divided  by  d'  will  express  its  apparent  lustre  when 
the  eye  is  at  the  distance  d. 

Let  us  now  suppose  the  apparatus  so  arranged  in  its  position 
that  while  the  eye,  placed  within  the  divergent  pencil,  sees  tbe 
focus  F,  it  may  also  see,  in  juxta-position  with  it,  a  star  s, 
\\  hose  lustre  is  to  be  determined.  Let  the  eye  be  moved  to  or 
from  F  until  the  lustre  of  the  star  becomes  sensibly  equal  to  that 
of  F.  If,  then,  the  lustre  of  the  star  be  expressed  by  s.,  we 
shall  have 

M 

B  =  -^. 
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Let  the  apparatus  be  then  directed  to  another  star,  whose 
lustre  8'  is  to  be  compared  with  the  former,  and  let  the  same 
operation  be  repeated,  the  distance  of  the  eye  from  f  being  so 
regulated  as  to  render  the  apparent  lustre  of  the  point  f  equal 
to  that  of  the  second  star.  The  distance  of  the  eye  from  f 
being,  in  this  case  expressed  by  d',  we  shall  then  have 


8'-— • 


and  consequently, 


that  is  to  say,  the  apparent  lustres  of  the  two  stars  are  in 
the  inverse  numerical  ratio  of  the  squares  of  the  distances 
of  the  eye  from  f,  which  would  render  the  apparent  lustre  of  f 
equal  to  those  of  the  stars  respectively. 

In  the  series  of  observations  made  at  the  Cape  by  Sir  J. 
Herschel,  the  moon  was  the  object  with  which  the  stars  were 
thus  compared.  The  planet  Jupiter  would,  perhaps,  be  more 
convenient ;  but  any  object  which  would  retain  an  invariable 
brightness  during  the  short  interval  necessary  for  the  com- 
parison of  the  stars  under  observation,  would  serve  the  purpose. 

In  this  manner,  Sir  J,  Herschel  ascertained  numerically  tlie 
comparative  brightness  of  a  considerable  number  of  stars 
under  the  fourth  magnitude,  and  has  given,  in  his  "  Cape  Ob- 
servations "  a  catalogue,  exhibiting  the  relative  magnitudes  to 
two  places  of  decimals. 

332  L  Prineipfe  on  which  the  suceetsive  orders  of  stellar 
magnitude  shotM  be  based  —  Astronomers  are  not  agreed  as 
to  the  optical  conditioas  by  which  the  successive  orders  of 
stellar  magnitudes  should  be  fixed.  It  might  appear,  at  first 
view,  that  a  star  of  the  second  magnitude  ought  to  have  one 
half  the  brightness  of  one  of  the  first  magnitude,  that  a  star 
of  the  third  magnitude  ought  to  have  one  third  of  the  bright- 
ness, and  so  on. 

But  such  a  proportion  would  not  be  at  all  in  accordance 
with  the  common  classification  of  magnitudes. 

The  more  generally  received  condition  has  been  a  succession 
of  magnitudes,  such  as  a  star  of  a  given  intrinsic  lustre  would 
have  if  removed  to  a  series  of  distances  increasing  in  arith- 
metical progression.    Thus,  sUrs  of  the  first  magnitude  would 
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be  at  the  unit  of  stellar  distance ;  those  of  the  second  magoi- 
tade  woald  have  a  lustre  dae  to  twice  this  distance ;  those  of 
the  third  magnitude,  to  three  times  this  distance,  and  so  on. 
Now,  since  the  apparent  lustre  of  -an  object  is  in  the  proportion 
of  the  inverse  square  of  the  distance,  it  would  follow  that,  in 
this  sjstero,  the  succession  of  brightness  would  be  as  the  num- 
bers 1,  ^,  |,  1^  and  so  on. 

Meanwhile,  whatever  may  be  the  principle  adopted  for  tliij 
classification,  the  astrometric  expedient  contrived  by  Sir  John 
Herschel,  being  sufficient  for  the  numerical  estimation  of  the 
relative  brightnesses  of  different  stars,  it  will  be  sufficient  to 
determine  a  variety  of  interesting  and  important  problems 
respecting  the  absolute  lustre  and  magnitudes  of  those  object^ 
not  only  compared  with  each  other,  but  with  the  sun. 

3322.  Comparative  lustre  of  a  Centauri  wUh  that  of  Ou 
full  moon.  —  By  means  of  the  instrument  described  above,  Sir 
J.  Herschel  compared  the  full  moon  with  certain  fixed  stars, 
and  ascertained,  by  a  mean  of  eleven  observations,  that  its 
lustre  bore  to  that  of  the  star  a  Centauri,  which  he  selected  as 
the  standard  star  of  the  first  magnitude,  the  ratio  of  27406 
to  1  ;  in  other  words,  he  showed  that  a  cluster  consisting  of 
27408  stars  equal  in  brightness  to  that  of  •  Centauri  would 
give  the  same  light  as  the  full  moon. 

3323.  Comparison  of  the  lustre  of  the  full  moon  with  that  cf 
the  n<ft.-— Dr.  Wollaston  by  certain  photometric  methods 
which  are  considered  to  have  been  susceptible  of  great  precision, 
compared  the  light  of  the  sun  with  that  of  the  full  moon,  and 
found  that  the  ratio  was  801072  to  1 ;  or  in  other  words,  that  to 
obtain  moon-light  as  intense  in  its  lustre  as  sun-light,  it  would 
be  necessary  that  801072  full  moons  should  be  stationed  in  the 
firmament  together. 

3324.  Comparison  of  the  sun's  light  witJi  that  of  a.  Centauri 
—  By  the  combination  of  these  observations  of  Herschel  and 
Wollaston,  we  are  supplied  with  means  of  bringing  into  direct 
numerical  comparison  the  sun  and  the  star  a,  Centauri.  Since 
it  appears  that  the  light  of  a  Centauri  is  27408  times  less  than 
that  of  the  full  moon,  while  the  light  of  the  full  moon  is 
801072  times  less  than  that  of  the  sun,  it  will  evidently  follow, 
that  if  we  express  by  s  the  light  of  the  sun,  and  by  s  that  of  a 
Centauri,  we  shall  have 

B  =  27408  X  801072  x  *  =  21955,000000  x  «; 
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that  is  to  say,  the  light  of  the  sun  is  very  nearly  22000,000000 
times  more  intense  than  that  of  «  Centauri. 

To  generalise  these  results^  let  m  express  the  ratio  of  the 
light  of  the  full  moon  to  that  of  any  star,  as  determined  by 
HerschePs  astrometer,  we  shall  then  have, 
8  =  801072  X  m  X  *; 
and  consequently, 

801072  X  m 

8325.  Comparison  of  the  intrinsic  splendour  of  the  sun  and 
a  fixed  star,  —  Since  all  analogy  and  observation  lead  to  the 
conclusion,  that  the  stars,  like  the  sun,  are  self-luminous  bodies, 
although  no  telescopic  power  which  we  can  command  can 
exhibit  them  with  a  sensible  disk,  it  cannot  be  doubted  that 
they  are,  like  the  sun,  spherical  bodies.  If,  then,  i  express  the 
intrinsic  brightness,  or  what  is  the  same,  the  absolute  quantity 
of  light  emitted  by  a  superficial  unit  of  the  visible  surface  of 
such  a  sphere,  and  if  m  express  the  superficial  magnitude  of  the 
hemisphere  presented  to  the  eye,  the  total  quantity  of  h'ght 
emitted,  or  total  intrinsic  lustre,  will  be  expressed  by  i  x  M. 
But  the  apparent  lustre  will,  according  to  the  common  optical 
law,  decrease  as  the  square  of  the  distance  of  the  observer  in- 
creases, and  consequently,  if  i  x  m  express  the  lustre  at  the 

unit  of  distance,  i  x  — ^,  will  express  it  at  the  distance  d,  so 
that  we  shall  have 

J  X  M  =  L  X  D*. 

If  the  apparent  lustre,  and  the  distance  of  the  star,  therefore, 
be  both  known,  the  intrinsic  lustre,  which  depends  conjointly 
upon  the  magnitude  of  the  luminous  surface  exposed  to  view 
and  its  intrinsic  brightness,  will  be  known. 

3326,  Astrometer  suggested  by  Dr.  Lardner. — To  bring  a 
fixed  star  into  immediate  comparison  with  the  sun,  and  to  ob- 
tain a  measure  of  the  visual  magnitude  of  the  star,  supposing  it 
to  have  an  intrinsic  lustre  equal  to  that  of  the  sun,  would  be 
easy  if  the  distance  could  be  ascertained  to  which  it  would 
be  necessary  to  remove  the  sun,  so  that  it  shall  present  to  the 
eye  the  same  apparent  lustre  as  the  star,  for  in  that  case  the 
visual  magnitude  of  the  sun,  which  could  be  calculated  by 
means  of  its  real  magnitude  and  distance,  would  necessarily 
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be  eqaal  to  the  visual  magnitude  of  the  star.  In  this  manner, 
a  visual  angle  too  small  to  be  ascertained  bj  direct  instrumental 
roeasurementy  would  be  determined  by  indirect  means. 

Let  d  S3  the  real  diameter  of  the  sun,  d  =  the  distance  to 
which  it  would  be  necessary  to  remove  it  from  the  observer,  so 
that  it  might.present  to  the  eye  the  same  appearance  as  a  given 
star,  and  let  ^  =  its  visual  diameter  at  that  distance.  We 
should  then  have, 

f '  =  206265  X   ^ 

and  ^  would  then  be  the  visual  angle  subtended  by  the  star, 
if  the  star  be  supposed  to  have  the  same  intrinsic  lustre  as  the 
sun.  But  if  the  star  be  supposed  to  have  a  greater  or  less  in- 
trinsic lustre  than  the  sun,  then  the  visual  magnitude  of  the 
star  will  be  greater  or  less  than  ^. 

Although  the  sun  cannot  be  removed  to  increased  distancesi, 
the  same  optical  effect  may  be  produced  by  the  following  ex- 
pedient. 

Let  ▲  B  c  D  be  a  tube  like  that  of  a  telescope,  furnished  with 


Fig.  868. 

a  diaphragm  at  B  c,  so  constructed  that  by  sliding  pieces  a 
circular  aperture,  having  a  diameter  variable  at  pleasure  within 
practical  limits,  may  be  made  in  its  centre.  Let  a  sliding  tube 
having  an  eye-hole  in  a  diaphragm  at  the  end  of  it,  like  that  in 
the  eye-piece  of  a  telescope,  be  attached  to  the  other  end  a  d 
of  the  tube,  eo  that  the  distance  of  the  eye-hole  from  the 
variable  aperture  m  n  may  be  varied  tft  pleasure  within  prac- 
tical limits.  It  is  evident,  that  the  diameter  of  the  aperture 
m  n,  and  the  distance  from  e  to  m  n  being  known,  the  visual 
angle  subtended  by  m  n  at  e  will  be  determined. 

If  the  tube  thus  constructed  and  arranged  be  directed  to  the 
disk  of  the  sun,  a  circular  part  of  that  disk  having  any  desired 
visual  diameter,  can  be  made  visible  to  an  eye  placed  at  k. 
This  can  always  be  accomplished  within  limits  by  the  variation 
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of  tbe  diameter  m  n  of  the  aperture,  and  the  variation  of  the 
distance  of  e  from  m  n. 

But,  by  a  well-understood  principle  of  optics  (1132.),  the 
circular  part  of  the  sun's  disk  visible  through  the  aperture,  has 
exactly  the  same  appearance  both  in  apparent  magnitude  and 
brightness,  as  the  sun  itself  would  have  if  it  were  removed  to 
such  a  distance  from  the  observer,  that  it  would  subtend  the 
same  visual  angle  as  that  subtended  by  the  aperture  m  n  at 
the  eye  b. 

If  then,  the  apparatus  be  so  adjusted,  that  the  apparent  lustre 
of  the  part  of  the  sun  seen  through  the  aperture,  shall  be  equal 
as  exactly  as  can  be  determined  by  an  observation  of  this  kind, 
to  the  apparent  brightness  of  any  star,  it  will  follow,  that  the 
visual  angle  subtended  by  the  aperture  seen  from  e,  will  be 
equal  to  the  visual  angle  subtended  by  the  star ;  and  as  the  for- 
mer can  be  calculated  by  knowing  the  real  diameter  of  the 
aperture  and  its  distance  from  e,  the  latter  can  be  inferred. 

In  the  practical  application  of  this  method,  the  difficulty 
arises  from  not  being  able  to  bring  the  luminous  point  seen  in 
the  tube,  into  immediate  juxta-position  with  the  star  with 
which  it  is  compared.  The  observer  must  rely  upon  his  judg- 
ment and  memory  of  the  apparent  brightness  of  the  stars,  to 
determine  when  that  of  the  luminous  point  seen  in  the  tube  is 
equal  to  it. 

3327.  Comparison  of  the  sun  and  a,  Centauri, — There  will 
be  no  difficulty  in  the  application  of  this  principle  to  all  stars 
whose  parallax  and  relative  distance  v^ith  reference  to  a  known 
standard,  has  been  determined.  Take,  for  example,  the  case  of 
«  Centauri.  By  Herschel's  astrometric  estimate,  we  have  for 
this  star, 

^  "  21955,000000' 

8  Still  expressing  the  light  of  the  sun. 

It  appears  by  Henderson's  observations,  that  the  parallax  of 
this  star  is  0*9 13'^,  which  corresponds  to  a  distance  of  225916 
semidiameters  of  the  earth's  orbit.    We  shall  consequently  have 

I  X  M  =        ^^^^^^'       =  2-324. 
21955,000000 

It  follows,  therefore,  that  this  star,  placed  where  the  sun  is, 
would  have  2*324  times  its  splendour  or  illuminating  power. 
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Now,  this  may  arise  either  from  the  star  having  a  greats 
superficial  magnitude  than  the  sun  in  that  proportion,  or  if  it 
have  the  same  superficial  magnitude,  having  greater  intensi^ 
of  light  But  whichever  may  be  the  case,  it  is  certain  that  its 
illuminating  power  would  be  greater  than  that  of  the  son,  in 
the  ratio  of  2-324  to  I. 

3328.  Comparison  of  the  sun  and  Sirius.  —  Sir  John 
Herschel  found  by  his  astrometric  observations  that  the  lustre 
of  the  Dog-star  is  four  times  that  of  »  Centauri.  For  the 
Dog-star  we  shall  have,  therefore, 


L  = 


5488,750000  ' 


and  since  it  appears,  by  the  observations  of  Peters^  that'  the 
parallax  of  this  star  is  0*230",  its  distance  will  be  896800 
semidiameters  of  the  earth's  orbit  We  shall  consequently 
have,  for  Sirius, 

896800»  ,^.o# 

'^^=   5488,750(X)0  =  ^^*^^- 

From  which  it  appeal's  that  Sirius  is  a  sun,  whose  lustre 
is  such  as,  if  placed  in  the  centre  of  the  solar  system,  would 
difi*use  a  light  to  the  surrounding  planets  146*53  times  more 
intense  than  that  afforded  by  the  actual  sun.  If,  therefore,  the 
intensity  of  the  lustre  of  the  surface  of  this  stupendous  sphere 
be  equal  to  that  of  the  sun,  it  must  have  a  diameter  12-11 
times  greater  than  that  of  our  sun  ;  and  since  the  diameter  of 
the  latter  is  882000  miles,  that  of  Sirius  would  be 

882000  X  12-11  =  10,676600  miles. 

3329.  Astrometric  table  o/*  190  principal  stars,  —  In  the 
following  table  are  collected  the  results  of  the  observations  of 
Sir  J.  Herschel,  for  the  determination  of  the  relative  lustre 
of  190  principal  stars.  In  addition  to  their  astrometric  magni- 
tudes, as  determined  by  Sir  J.  Herschel,  we  have  computed 
from  the  data  supplied  by  him,  their  relative  brightness  com- 
pared with  that  of  the  star  «  Centauri  as  a  standard,  and  also 
their  light  in  billionths  of  the  light  of  the  sun. 

»  Sir  J.  Herschel  makes  the  proportion  63'02  which  is  certainly  incorrect 
that  being  the  ratio  of  the  intrinsic  brightness  of  Sirius  to  that  of  a  Centauri 
and  not  that  of  Sirius  to  the  sun.     See  Astronomy,  p.  553.,  edit.  1849, 
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TABLE. 

List  of  190  stars,  from  the  first  to  the  third  magnitude  inclusive,  with  their 
magnitudes,  according  to  the  astrometric  scale  proposed  bj  Sir  John 
Herschel ;  and  their  apparent  brightness  compared  with  each  other,  and 
with  the  sun. 
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3330.  Use  of  the  telescope  in  stellar  observations.  —  Since 
no  telescope,  however  great  might  be  its  power,  has  ever  pre- 
sented a  fixed  star  with  a  sensible  disk,  it  might  be  inferred 
that,  for  the  purposes  of  stellar  investigations,  the  importance 
of  that  instrument  must  be  inferior  to  that  which   it  may 
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claim  in  other  applications.  Nevertheless  it  is  certain,  that  in  no 
department  of  physical  science  has  the  telescope  produced  such 
wonderful  results  as  in  its  application  to  the  analysis  of  the 
starry  heavens. 

Two  of  the  chief  conditions  necessary  to  distinct  vision  are, 
first,  that  the  image  on  tlie  retina  shall  have  sufficient  mag- 
nitude ;  or,  what  is  equivalent  to  this,  that  the  ohject  or  its 
image  shall  suhtend  at  the  eye  a  visual  angle  of  sufficient 
magnitude  (1116.);  and,  secondly,  it  must  be  sufficiently  illu- 
minated (1 100.).  When,  by  reason  of  their  distance  from  the 
observer,  visible  objects  fail  to  fulfil  either  or  both  of  these 
conditions,  the  telescope  is  capable  of  restablishing  them.  It 
augments  the  visual  angle  by  substituting  for  the  distant  ob- 
ject, which  the  observer  cannot  approach,  an  optical  image  of 
it  close  to  his  eye,  which  he  can  approach ;  and  it  augments 
the  illumination  by  collecting,  on  each  point  of  such  image,  as 
many  rays  as  can  enter  the  aperture  of  the  object  glass,  instead 
of  the  more  limited  number  which  can  enter  the  pupil  of  the 
naked  eye ;  allowance,  nevertheless,  being  made  for  the  light 
lost  by  reflection  from  the  surfaces  of  the  lenses,  and  by  the 
imperfect  transparency  of  their  material. 

The  increase  of  the  visual  angle  is  determined  by  the  ratio 
of  the  focal  length  of  the  object  glass  to  that  of  the  eye  glass 
(1212.),  and  the  increase  of  illumination  is  determi.ied  by  the 
ratio  of  the  area  of  the  aperture  of  the  object  glass  to  that  of 
the  pupil,  which  areas  are  proportional  to  the  squares  of  the 
diameters  of  the  object  glass  and  the  pupiL  The  illumination 
will,  therefore,  vary  in  the  ratio  of  the  square  of  the  aperture 
of  the  telescope. 

To  explain  the  effect  of  the  telescope  applied  to  stellar  ob- 
servation, let  the  sun  or  any  similar  object  be  imagined  to  be 
transferred  to  a  gradually  increased  distance  from  the  observer. 
The  efiect  will  be  the  gradual  decrease  of  its  visual  diameter, 
and  a  corresponding  decrease  of  the  image  on  the  retina.  The 
brightness  or  intensity  of  illumination  of  that  image  will  re- 
main always  the  same  (1132.);  and  consequently,  the  total 
quantity  of  light  which  falls  upon  it,  will  be  decreased  in  the 
exact  ratio  of  its  superficial  magnitude,  —  that  is,  in  the  ratio 
of  the  square  of  its  diameter.  But  this  diameter  is  always 
proportional  to  the  visual  angle  subtended  at  the  eye  by  the 
object ;  and  this  angle  decreases  as  the  distance  of  the  object 
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increases.  It  follows,  therefore,  that  the  total  quantity  of  light 
incident  on  the  retina,  from  the  same  or  similar  objects  at 
different  distances,  decreases  as  the  square  of  the  distance 
increases. 

Now,  let  the  distance  of  the  sun  from  the  observer  be  ima- 
gined to  be  increased  until  the  visual  angle  becomes  so  small 
that  no  sensible  impression  of  the  form  or  magnitude  of  the 
object  is  produced.  Let  this  distance  be  expressed  by  i/.  Hie 
appearance  of  the  sun  would  then  be  that  of  a  mere  luminous 
point,  without  apparent  magnitude  or  form.  It  would  in  fact, 
therefore,  have  the  same  appearance  as  that  of  a  star  or  planet 
Vision  would  depend  on  the  mere  excitation  of  the  retina  bj 
the  quantity  of  light  acting  upon  it,  and  not  on  the  form-  or 
magnitude  of  the  picture  produced  upon  it.  The  first  of  the 
above-mentioned  conditions  of  distinct  vision  would  fail  to  be 
fulfilled,  but  the  second  would  be  still  fulfilled.  Light  without 
form  or  magnitude  would,  therefore,  be  the  sensible  impression 
on  the  observer. 

If  we  now  imagine  the  sun  to  continue  to  be  transferred  to 
greater  and  greater  distances,  the  image  on  the  retina  will  be 
proportionally  diminished  in  magnitude ;  but  as  its  magnitude 
has  already  ceased  to  be  sensible  because  of  its  minutenessi,  this 
decrease  of  magnitude  will  necessarily  also  be  insensible.  But 
the  total  quantity  of  light  falling  upon  the  retina,  will  also  be 
decreased,  and  this  decrease  will  be  in  the  ratio  of  the  increase 
of  the  square  of  the  distance.  Now,  since  the  apparent  bright* 
ness  of  the  luminous  point  to  which  the  sun  would  be  in  this 
case  reduced,  must  depend  altogether  on  the  total  quantity  of 
light  falling  on  the  retina,  this  brightness  will  be  in  the  in- 
verse ratio  of  the  square  of  the  distance. 

Let  l'  be  the  total  quantity  of  light  falling  on  the  retina,  or 
the  apparent  brightness  of  the  object  at  the  distance  d'  at  which 
it  ceases  to  have  a  sensible  disk,  and  let  l  be  its  apparent 
brightness,  at  any  greater  distance  d.  We  shall  then,  according 
to  what  has  just  been  explained,  have 

and  consequently, 

from  which  it  appears  again  that  l  will  decrease  as  d*  increases* 
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By  the  continual  increase  of  d,  therefore,  the  apparent 
brightness  of  the  luminous  point  to  which  the  object  has  been 
reduced,  would  be  continually  diminished^  and  it  would  succes* 
sivelj  assume  the  appearance  of  stars  of  less  and  less  magni- 
tude, until  at  length  the  quantity  of  light  falling  on  the  retina 
would  become  so  small  that  it  would  be  insufficient  to  produce 
a  sensible  impression  on  the  organ,  and  the  object  would  cease 
to  be  seen.  Let  the  distance  at  which  this  would  take  place 
beD". 

It  appears,  then,  that  in  the  gradations  of  the  optical  impression 
produced  by  such  a  continually  receding  object,  there  are  two 
limiting  distances,  the  lesser  d'  at  which  it  ceases  to  have  sen-* 
sible  magnitude  but  continues  to  be  visible  as  a  lucid  point,  and 
the  greater  i>"  at  which  it  ceases  to  be  seen  altogether ;  and 
that  at  intermediate  distances  d  it  appears  as  a  lucid  point  of 
all  degrees  of  brightness,  less  than  that  which  it  has  at  the 
distance  d'. 

If  this  reasoning  be  applied  to  different  objects,  it  is  evident 
that  the  distance  d'  will  vary  with  the  reul  diameter  of  the 
object,  and  will  be  exactly  proportional  to  it.  The  distance  d" 
for  objects  having  the  same  real  diameter,  will  vary  with  their 
intrinsic  lustre,  or  the  relative  quantities  of  light  which  they 
emit  from  their  visible  hemispheres,  and  will  be  greater  in  the 
ratio  of  the  square  root  of  the  absolute  quantity  of  light 
emitted. 

If  a  telescope  be  directed  to  a  star  at  any  distance  d  greater 
than  d",  its  magnifying  power  will  be  incapable,  however  great 
it  may  be,  of  augmenting  the  visual  angle  to  such  an  extent  as 
to  render  it  greater  than  it  would  be,  if  the  star  were  at  the 
distance  d',  at  which  the  visual  angle  becomes  so  small  as  to  be 
inappreciable  by  the  eye.  But  in  the  same  case,  the  power  of 
the  telescope  to  increase  the  quantity  of  light  which  enters  the 
pupil,  will  produce  effects  which  are  not  only  very  sensible, 
but  which  may  be  increased  almost  indefinitely,  by  augment-* 
ing  the  aperture  of  the  telescope.  In  this  way,  although  the 
magnifying  power  is  altogether  inefficacious  so  far  as  relatea 
to  the  visual  angle  of  the  object,  its  power,  so  far  as  relates  to 
the  increase  of  light  or  increase  of  apparent  brightness  of  the 
object,  becomes  of  the  greatest  importance.  Thus  it  is  evident, 
that  a  telescope  of  a  certain  aperture  directed  to  a  star  of  the 
sixth  magnitude,  the  light  of  which,  according  to  the  estimate 
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of  Sir  J.  Herscbely  is  about  the  lOOtb  part  of  the  liglit  of  sucb  m 
star  of  the  first  magnitude  as  a  Centauri,  would  render  it  equal 
in  apparent  brightness  to  the  ktter,  and  would,  therefore, 
have  the  effect  of  bringing  it  so  much  nearer  to  the  observer, 
as  the  distance  of  an  average  star  of  the  first  magnitude  is  less 
than  on  average  star  of  the  sixth  magnitude.  But  since  the 
apparent  brightness  decreases  as  the  square  of  the  distance  in- 
creases, it  follows  that  a  star  of  the  sixth  magnitude,  being  100 
times  less  bright  than  a  star  of  the  first  magnitude,  will  be  10 
times  more  distant  The  telescope,  therefore,  in  this  case, 
would  have  the  effect  of  bringing  the  star  10  times  nearer  to 
the  observer. 

By  knowing  the  relation  of  the  aperture  of  the  telesc<^>^ 
whether  it  be  a  refractor  or  reflector,  to  the  magnitude  of  the 
pupil,  and  the  proportion  of  light  lost  in  being  transmitted  to 
the  eye  bj  the  lenses  or  specula  of  the  instrument,  it  is  easj  to 
calculate  the  ratio  in  which  it  will  increase  the  apparent  bright- 
ness of  a  star,  and  this  ratio  being  known,  it  will  be  easy  to 
ascertain  how  much  more  distant  such  a  star  is  than  one  which 
to  the  naked  eye  would  have  the  same  apparent  brightness. 

Let  m  express  the  ratio  in  which  the  telescope  increases  the 
apparent  brightness  l  of  a  star,  and  let  i/  be  the  brightness  of 
the  same  star  seen  through  the  telescope.  We  should  then  have 

l'  =  wi  X  L. 

Now,  let  d  be  the  distance  of  the  star,  and  let  <f  be  the  distance 
at  which,  seen  with  the  naked  eye,  it  would  have  the  bright- 
ness l'.     We  shall  then  have 

L  -  L  X  ^,  , 


and  therefore, 

*"  "  5^      -"  ''^  "  5^ 


The  star  is,  therefore,  brought  nearer  to  the  observer  in  the  ratio 
of  ^/mto  1. 

3331.  Space-penetrating  power. — This  number  ^y/m  which 
expresses  the  power  of  the  telescope  to  bring  a  star  nearer  to 
the  observer,  or  what  is  the  same,  to  enable  the  observer  to  see 
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distant  stars  with  the  same  degree  of  distinctness  or  brightness 
as  if  they  were  at  less  distances,  is  called  the  space-penetra- 
Tma  POWER. 

Thus,  if  the  light  of  a  star  of  the  sixth  magnitude  be  100 
times  less  than  that  of  a  star  of  the  first  magnitude,  a  telescope 
which  would  augment  the  light  100  times,  would  exhibit  it 
with  the  same  apparent  brightness  as  a  star  of  the  first  magni- 
tude ;  and  for  such  a  telescope  we  should  have  m  =  100,  and 
therefore  ^/m  =  10,  so  that  the  star  of  the  sixth  magnitude 
would  be  ten  times  more  distant  than  the  stars  of  the  first 
magnitude. 

Thus,  for  example,  the  reflecting  telescope  used  by  Sir  Wil- 
liam Herschel,  in  some  of  his  principal  stellar  researches,  had 
an  aperture  of  eighteen  inches,  and  twenty  feet  focal  length  with 
a  magnifying  power  of  180.  The  space-penetrating  power  of 
this  instrument  was  found  to  be  seventy-five,  the  meaning  of 
which  is,  that  when  directed  to  a  star  of  any  given  brightness, 
it  would  augment  its  brightness  so  as  to  make  it  appear  the 
same  as  it  would  be  if  at  seventy-five  times  less  distance,  or 
what  is  the  same,  that  a  star  which  to  the  naked  eye  would 
appear  of  the  same  brightness  as  that  star  does  when  seen  in 
the  telescope  would  require  to  be  removed  to  seventy-five  times 
the  actual  distance,  so  that  when  seen  through  the  telescope  it 
would  have  the  brightness  it  has  when  seen  with  the  naked  eye. 
Thus  a  star  of  the  sixth  magnitude,  if  removed  to  seventy-five 
times  the  actual  distance,  would  appear  in  such  an  instrument  still 
as  a  star  of  the  sixth  magnitude  would  to  the  naked  eye,  and  if 
we  assume  with  Sir  John  Herschel,  that  a  star  of  the  sixth 
magnitude  has  a  hundred  times  less  light  than  a  Centauri,  and 
is  therefore  at  ten  times  a  greater  distance,  it  will  follow  that  % 
Centauri  would  require  to  be  removed  to  seven  hundred  and 
fifty  times  its  actual  distance,  so  that  when  viewed  through  such 
telescope  it  would  be  seen  as  a  star  of  the  sixth  magnitude  is  to 
the  naked  eye. 

If,  then,  it  be  assumed,  as  it  may  fairly  be,  that  among  the 
innumerable  stars  which  are  beyond  the  range  of  unaided 
vision,  and  brought  into  view  by  the  telescope,  a  large  proportion 
must  have  the  same  magnitude  and  intrinsic  brightness,  as  the 
average  stars  of  the  first  magnitude,  it  will  follow  that  these 
must  be  at  distances  750  times  greater  than  the  distance  of  an 
average  star  of  the  first  magnitude,  such  as  a  Centauri.    But 
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it  has  been  already  Bhown  (3308.)  that  the  distance  of  m 
Centauri  is  such  that  light  would  require  3-54325  years  to 
come  from  it  to  the  earth.  It  would,  therefore,  follow  that  the 
distance  of  the  telescopic  stars  just  referred  to^  must  be  sach 
that  light  would  take  to  come  from  them  to  the  earth 

3-54325  X  750  =  2657-4375  years. 

If  it  be  desired  to  ascertain  the  distance  of  such  stars,  taking 
the  earth's  distance  from  the  sun  as  the  unit,  we  shall  hare 

225916  X  750  =  169,43700a 

It  appears,  therefore,  that  the  distsnce  of  such  a  star  would 
be  about  one  hundred  and  seventy  million  times  the  distance  of 
the  sun,  and  since  the  distance  of  the  sun  expressed  in  round 
numbers  is  one  hundred  millions  of  miles,  it  will  follow  that 
the  distance  of  such  a  star  is  seventeen  thousand  billions  of 
miles* 

We  arrive,  therefore,  at  the  somewhat  astonishing  conclu^on 
that  the  distance  of  these  objects,  the  existence  of  which  the 
telescope  alone  bas  disclosed  to  us,  must  be  such  that  light, 
moving  at  the  rate  of  192000  miles  per  second,  takes  upwards 
of  2600  years  to  come  from  them  to  us,  and  consequenUy  that 
the  objects  we  now  see  are  not  those  which  now  exist,  but  those 
which  did  exist  2600  years  ago ;  and  it  is  within  the  scope  of 
physical  possibility  that  they  may  have  changed  their  conditions 
of  existence,  and  consequently  of  appearance,  or  even  have 
ceased  to  exist  altogether,  more  than  2000  years  ago,  although 
we  actually  see  them  at  this  moment. 

This  incidentally  shows  that  the  actual  perception  of  a  visi- 
ble object  is  no  conclusive  evidence  of  its  present  existence.  It 
is  only  a  proof  of  its  existence  at  some  anterior  period. 

3332.  Telescopic  stars. — It  appears,  therefore,  that  there  are 
numerous  orders  of  stars,  which  by  reason  of  their  remoteness 
are  invisible  to  the  naked  eye,  but  which  are  rendered  visible 
by  the  telescope ;  and  these  stars  are,  like  those  visible  to  the 
naked  eye,  of  an  infinite  variety  of  degrees  of  magnitude  and 
brightness,  and  have  accordingly  been  classed  by  astronomers 
according  to  an  order  of  magnitudes  in  numerical  continuation 
of  that  which  has  been  somewhat  indefinitely  or  arbitrarily 
adopted  for  the  visible  stars.  Thus,  supposing  that  the  last 
order  of  stars  visible  without  telescopic  aid  is  the  seventh,  the 


Digitized  by 


Google 


MAGNITUDE  AND  LUSTRE  OF  THE  STARS.      761 

first  order  disclosed  by  the  telescope  will  be  the  eighth,  and 
from  these  the  telescopic  stars,  decreasing  in  magnitude,  have 
been  denominated  the  ninth,  tenth,  eleventh,  &c.  to  the  six* 
teenth  or  seventeenth  magnitude,  the  last  being  the  smallest 
stars  which  are  capable  of  being  rendered  distinctly  visible  by 
the  most  powerful  telescope. 

3333.  Stellar  nomenclature. — Besides  the  classification  of  stars 
according  to  their  estimated  degrees  of  magnitude  or  brightness, 
they  are  also  designated  according  to  their  distribution  over  the 
imaginary  surface  of  the  celestial  sphere.  Whether  the  appa« 
rent  grouping  of  these  objects  depends  on  any  physical  relation 
existing  between  the  members  composing  each  group,  or  is  the 
result  of  the  fortuitous  relation  of  the  visual  lines  directed  to 
them,  the  principal  collections  of  the  more  conspicuous  stars 
thus  placed  in  near  apparent  vicinity,  have  been  recognised 
from  the  most  remote  antiquity,  and  such  groups  have  been 
commonly  denominated  constellations* 

Although  in  certain  cases,  it  is  probable  that  some  physical 
relation  may  exist  between  the  more  close  neighbours  in  these 
constellations,  it  is  certain  that  the  apparent  juxta-position  and 
relative  arrangement  of  the  component  stars  generally  is  alto* 
gether  fortuitous.  Imagination  has,  however,  connected  them 
together,  and  invested  such  constellations  with  the  forms  of  my- 
thological figures,  animals,  such  as  bears,  dogs,  lions,  goats, 
serpents,  and  so  on,  from  which  they  severally  take  their  names. 
Unreasonable  as  such  a  system  must  be  allowed  to  be,  it  is  not 
without  its  use  as  a  means  of  reference  and  an  artificial  aid  to 
the  memory.  That  a  better  system  of  signs  and  symbols  might 
have  been  devised  for  these  purposes,  may  be  admitted ;  but 
when  it  is  considered  that  the  names  and  forms  of  the  most 
conspicuous  constellations  have  had  their  origin  in  remote  anti-* 
quity  —  that  they  were  handed  down  from  the  Chaldeans  to 
the  Egyptians,  from  the  Egyptians  to  the  Greeks,  and  from 
these  to  the  moderns  —  that  they  are  referred  to  in  the  works 
of  every  past  astronomer,  and  registered  in  the  memory  of  every 
living  observer — that  they  are  associated  with  the  productions 
of  art,  and  supply  illustrations  to  the  orator  and  the  poet  —  it 
will  be  readily  admitted  that,  even  though  a  general  change  of 
the  stellar  nomenclature  and  symbols  were  practicable,  it  would 
neither  be  advantageous  nor  advisable. 

As  an  example  of  a  constellation,  the  group  of  seven  conspi- 
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cuoos  stars,  arranged  nearly  in  the  form  of  a  note  of  interro- 
gation^ visible  in  the  northern  part  of  the  firmament,  and  in 
these  latitudes  always  above  the  horizon,  may  be  referred  ta 
This  constellation  is  called  Ursa  major  (the  great  bear).  The 
seven  stars  are  only  the  more  conspicuoas  of  those  which  com- 
pose the  constellation,  the  entire  number  being  eighty-seven, 
most  of  them,  however,  being  telescopic ;  of  the  seven  chief 
stars  one  only  is  of  the  first  magnitude,  three  are  of  the  second, 
and  three  of  the  third. 

The  seven  principal  stars  of  this  constellation  being  all  less 
than  forty  degrees  from  the  north  pole,  will  be  always  above 
the  horizon  in  latitudes  greater  than  forty  degrees.  Hence  it 
is  that  this  constellation  is  so  familiarly  known.  They  may 
serve  as  standards  or  moduli  by  which  the  astronomical  amateur 
may  estimate  the  orders  of  magnitudes  of  the  stars  generally. 
It  is  in  the  quarter  of  the  heavens  opposite  to  that  in  which 
the  sun  is  in  the  month  of  March,  and  is  therefore  visible  at 
midnight  near  the  meridian  above  the  pole  at  that  season. 
In  the  month  of  September  it  is  visible  at  midnight  below  the 
pole. 

The  stars  which  compose  a  constellation  are  designated 
usually  by  the  letters  of  the  Greek  alphabet,  the  first  letters 
being  generally  assigned  to  the  most  conspicuous.  The  order 
of  the  letters,  however,  does  not  always  follow  strictly  the 
order  of  magnitudes.  When  the  stars  are  not  designated  by 
letters,  they  are  distinguished  by  numbers,  and  this  is  mostly 
the  case  with  the  smaller  stars. 

It  is  usual  to  express  the  constellations  by  their  Latin  names, 
and  to  designate  the  individual  stars  by  the  letter  or  number 
and  the  constellation,  as  a  LyrtB,  fi  Ursa  majoris^  61  Ophiuckij 
24  Coma,  &c. 

In  the  cases  of  some  of  the  more  conspicuous  stars,  such  as 
have  been  objects  of  observation  in  remote  ages,  they  are  also 
frequently  distinguished  by  proper  names.  Thus,  a  Canis 
major  is  more  commonly  called  SiriuSy  and  sometimes  the  Doff' 
star,  and  is  known  as  the  most  resplendent  of  the  fixed  stars. 
In  like  manner  a  Piscis  is  always  called  Fomalhauty  «  and  fi 
Gemini  are  called  Castor  and  Pollux,  /3  Orionis  is  known  as 
Bigel,  a  Tauri  as  Aldebaran,  »  Virginis  as  Spica,  a  Bootis 
as  Arcturus^  and  so  on. 

The  practical  usefulness  of  the  imaginary  figures  which  give 
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Barnes  to  the  constellations,  will  thus  be  understood.  If  we 
desire  to  express  the  position  of  the  star  17  UrscB  majoris,  for 
example,  we  say  that  it  is  at  the  tip  of  the  tail  of  the  Great 
Bear.  We  indicate,  in  like  manner,  the  place  of  three  remark- 
able stars,  by  saying  that  they  form  the  belt  of  Orion,  and 
another  Rigel  by  saying  that  it  is  on  his  foot.  The  star  Sirius 
is  on  the  nose  of  Canis  major,  and  the  bright  star  /3  on  his 
right  thigh. 

3334.  Use  of  pointers — Those  who  desire  to  obtain  an  ac" 
quaintance  with  the  stars,  will  find  much  advantage  in  practising 
the  method  of  pointers,  by  which  the  position  of  conspicuous 
stars  with  which  the  observer  is  well  acquainted  is  used  to 
ascertain  the  places  of  others  which  are  less  known  and  less 
easily  identified.  This  method  consists  in  assigning  two  con- 
spicuous stars  so  placed,  that  a  straight  line  imagined  to  be 
drawn  between  them,  and  continued  if  necessary  in  the  same 
direction,  will  pass  through  or  near  the  star  whose  position  it 
is  desired  to  ascertain. 

The  most  useful  example  of  the  application  of  this  method, 
is  the  case  of  the  pole  star,  which  is  »  Ursce  minoris,  a  star  of 
the  third  magnitude.  Let  the  observer  direct  his  eye  to  the  two 
conspicuous  stars,  a  and  fl  Ursce  majoris,  and  supposing  a 
straight  line  drawn  from  /3  to  «,  let  him  carry  his  eye  along 
that  line  beyond  a  to  a  distance  about  six  times  the  space 
between  a  and  fi,  he  will  arrive  at  the  Pole  Star. 

3335.  Use  of  star  maps. — To  comprehend  the  preceding 
paragraphs,  and  profit  by  the  instructions  given  in  them,  it 
will  be  necessary  for  the  student  to  have  in  his  hands  a  set  of 
star  maps.  The  Guide  to  the  Stars  *  will  be  fonnd  to  be 
one  of  the  most  convenient  works  for  this  purpose.  In  the 
maps  there  given,  will  be  found  indications  of  the  most  useful 
applications  of  the  method  of  pointing. 

3336.  Use  of  the  celestial  globe. — A  celestial  globe  may  be 
defined  to  be  a  working  model  of  the  heavens.  It  is  mounted 
like  a  common  terrestrial  globe.  The  visible  hemisphere  is 
bounded  by  the  horizontal  circle  in  which  the  globe  rests.  The 
brass  circle  at  right  angles  to  this,  is  the  celestial  meridian. 
The  constellations  with  outlines  of  the  imaginary  figures  from 
which  they  take  their  names,  are  delineated  upon  it. 

•  Twelve  Planispheres,  forming  a  Guide  to  the  Stars  for  every  Night 
in  the  Year,  with  an  Introduction.  —  Taylor  and  TFa/ton,  London. 
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The  globe  will  serre,  not  merelj  as  an  instroment  of  instmC' 
tion,  but  will  prove  a  ready  and  conyenient  aid  to  the  amateur 
in  astronomy,  saperseding  the  necessity  of  many  calculaticms 
which  are  often  discouraging  and  repulsive,  however  simple 
and  easy  they  may  be  to  those  who  are  accustomed  to  sach 
inquiries.  Most  of  the  almanacs  contain  tables  of  the  principal 
astronomical  phenomena,  of  the  places  of  the  sun  and  moon, 
and  of  the  principal  planets  as  well  as  the  times  when  the  most 
conspicuous  stars  are  on  the  meridian  after  sunset.  These  data, 
together  with  a  judicious  use  of  the  globe  and  a  tolerable 
telescope,  will  enable  any  person  to  extend  his  acquaintance 
with  astronomy,  and  even  to  become  a  useful  contributor 
to  the  common  stock  of  information  which  is  now  so  fast  in- 
creasing by  the  zeal  and  ability  of  private  observers  in  so  many 
quarters  of  the  globe. 

To  prepare  the  globe  for  use,  let  small  marks  (bits  of  paper 
gummed  on  will  answer  the  purpose)  be  placed  upon  it,  to 
indicate  the  positions  of  the  sun,  moon,  and  planets,  at  the 
time  of  observing  the  heavens.  The  place  of  the  sun  on  the 
ecliptic  is  usually  marked  on  the  globe  itself.  If  not,  its  right 
ascension  (that  is,  its  distance  from  the  vernal  equinoxial  point, 
measured  on  the  celestial  equator),  and  its  declination  (that  is, 
its  distance  north  or  south  of  the  equator),  are  given  in  the 
almanac,  for  every  day.  The  moon's  right  ascension  and  decli- 
nation are  likewise  given. 

3337.  To  find  the  plctce  of  an  object  on  the  globe  when  Us 
right  ascension  and  declination  are  known. — Find  the  point  on 
the  equator  where  the  given  right  ascension  is  marked.  Turn  the 
globe  on  its  axis  till  this  point  be  brought  under  the  meridian. 
Then  count  off  an  arc  of  the  meridian  (north  or  south  of  the 
equator,  according  as  the  declination  is  given)  of  a  length 
equal  to  the  given  declination,  and  the  point  of  the  globe  im- 
mediately under  the  point  of  the  meridian  thus  found,  will  be 
the  place  of  the  object.  By  this  rule,  the  position  on  the  globe 
of  any  object  of  which  the  right  ascension  and  declination  are 
known,  may  be  immediately  found,  and  a  corresponding  maiiL 
put  upon  it. 

To  adj  ust  the  globe  so  as  to  use  it  as  a  guide  to  the  position 
of  objects  on  the  heavens,  and  as  a  means  of  identifying  the 
stars  and  learning  their  names,  let  the  lower  clamping-screw  of 
the  meridian  be  loosened,  and  let  the  north  pole  of  the  globe  be 
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elevated  bj  moving  the  brass  meridian  until  the  arc  of  this 
meridian  between  the  pole  and  the  horizon  be  equal  to  the 
latitude  of  the  place  of  observation.  Let  the  clamping-screw 
be  then  tightened,  so  as  to  maintain  the  meridian  in  this  posi- 
tion. Let  the  globe  be  then  so  placed  that  the  brass  meridian 
shall  be  directed  due  north  and  south,  the  pole  being  turned  to 
the  north.  This  being  done,  the  globe  will  correspond  with  the 
heavens  so  far  as  relates  to  the  poles,  the  meridian,  and  the 
points  of  the  horizon. 

To  ascertain  the  aspect  of  the  firmament  at  any  hour  of  the 
night,  it  is  now  onlj  necessary  to  turn  the  globe  upon  its  axis 
until  the  mark  indicating  the  place  of  the  sun  shall  be  under 
the  horizon  in  the  same  position  as  the  sun  itself  actually  is  at 
the  hour  in  question.  To  effect  this,  let  the  globe  be  turned 
until  the  mark  indicating  the  position  of  the  sun  is  brought 
under  the  meridian.  Observe  the  hour  marked  on  the  point  of 
the  equator  which  is  then  under  the  meridian.  Add  to  this 
hour  the  hour  at  which  the  observation  is  about  to  be  taken> 
and  turn  the  globe  until  the  point  of  the  equator  on  which  is 
marked  the  hour  resulting  from  this  addition  is  brought  under 
the  meridian.  The  position  of  the  globe  will  then  correspond 
with  that  of  the  firmament.  Every  object  on  the  one  will  cor- 
respond in  its  position  with  its  representative  mark  or  symbol 
on  the  other.  If  we  imagine  a  line  drawn  from  the  centre  of 
the  globe  through  the  mark  upon  its  surface  indicating  any 
star,  such  a  line,  if  continued  outside  the  surface  toward  the 
heavens,  would  be  directed  to  the  star  itself. 

For  example,  suppose  that  when  the  mark  of  the  sun  is 
brought  under  the  meridian,  the  hour  6h.  40m.  is  found  to  be 
on  the  equator  at  the  meridian,  and  it  is  required  to  find  the 
aspect  of  the  heavens  at  half-past  ten  o'clock  in  the  evening. 


H. 

M. 

To        - 

6 

40 

Add     - 

10 

30 

16       10 

Let  the  globe  be  turned  until  16h.  10m.  is  brought  under  the 
meridian,  and  the  aspect  given  by  it  will  be  that  of  the  heavens. 
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CHAP.  XXVII. 

PERIODIC,  TElIPORiltT,  AND  MULTIPLE   STARS.  —  PROPER  MOTION 
OF  STARS.  —  MOTION  OP  THE  SOLAR  SYSTEM. 

3338.  Telescopic  observations  on  individual  stars, — ^Besides, 
bringing  within  the  range  of  observation  objects  placed  be- 
yond the  sphere  which  limits  the  plaj  of  natural  vision, 
the  telescope  has  greatlj  multiplied  the  number  of  objects 
visible  within  that  sphere,  by  enabling  us  to  see  many  rendered 
invisible  by  their  minuteness,  or  confounded  with  others  by 
their  apparent  proximity.  Among  the  stars  also  which  are 
visible  to  the  naked  eye,  there  are  many,  respecting  which  the 
telescope  has  disclosed  circumstances  of  the  higliest  physical 
interest,  by  which  they  have  become  more  closely  allied  to  our 
system,  and  by  which  it  is  demonstrated  that  the  same  material 
laws  which  coerce  the  planets,  and  give  stability,  uniformity, 
and  harmony  to  their  motions,  are  also  in  operation  in  the  most 
remote  regions  of  the  universe.  AVe  shall  first  notice  some  of 
the  most  remarkable  discoveries  respecting  individual  stars, 
and  shall  afterwards  explain  those  which  indicate  the  arrange- 
ment, dimensions,  and  form  of  the  collective  mass  of  stars 
which  compose  the  visible  firmament,  and  the  results  of  those 
researches  which  the  telescope  has  enabled  astronomers  to 
make  in  regions  of  space  still  more  remote. 

I.  PERIODIC   STARS. 

3339.  Stars  of  variable  lustre. — The  stars  in  general,  as 
they  are  stationary  in  their  apparent  positions,  are  equally 
invariable  in  their  apparent  magnitudes  and  brightness.  To 
this,  however,  there  are  several  remarkable  exceptions.  Stars 
Lave  been  observed,  sufficiently  numerous  to  be  regarded  as  a 
distinct  class,  which  exhibit  periodical  changes  of  appearance. 
Some  undergo  gradual  and  alternate  increase  and  diminution 
of  magnitude,  varying  between  determinate  limits,  and  pre- 
senting these  variations  in  equal  intervals  of  time.  Some  are 
observed  to  attain  a  certain  maximum  magnitude^  from  which 
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they  gradually  and  regularly  decline  until  they  altogether  dis- 
appear. After  remaining  for  a  certain  time  inTisible,  they 
re-appear  and  gradually  increase  till  they  attain  their  maximum 
splendour,  and  this  succession  of  changes  is  regularly  and  peri* 
odically  repeated.      Such  objects  are  cMad  periodic  stars. 

3340.  Remarkable  stars  of  this  class  in  the  constellations  of 
Cetus  and  Perseus. — The  most  remarkable  of  this  class  is  the 
star  called  Omikron,  in  the  neck  of  the  Whale,  which  was  first 
observed  by  David  Fabricius,  on  the  13th  August,  1596.  This 
star  retains  its  greatest  brightness  for  about  fourteen  days, 
being  tlien  equal  to  a  large  star  of  the  second  mngnitude.  It 
then  decreases  continually  for  three  months  until  it  becomes 
invisible.  It  remains  invisible  for  five  months,  when  it 
re-appears,  and  Increases  gradually  for  three  months  until  it 
recovers  its  maximum  splendour.  This  is  the  general  succes- 
sion of  its  phases.  Its  entire  period  is  about  332  days.  This 
period  is  not  always  the  same,  and  the  gradations  of  brightness 
through  which  it  passes  are  said  to  be  subject  to  variation. 
Hevelius  states  that,  in  the  interval  between  1672  and  1676^  it 
did  not  appear  at  all. 

Some  recent  observations  and  researches  of  M,  Argelander, 
render  it  probable  that  the  period  of  this  star  is  subject  to  a 
variation  which  is  itself  periodical,  the  period  being  alternately 
augmented  and  diminished  to  the  extent  of  25  days.  The 
variations  of  the  maximum  lustre  are  also  probably  periodical. 

The  star  called  Algols  in  the  head  of  Medtisa,  in  the  constel- 
lation of  Perseus,  affords  a  striking  example  of  the  rapidity 
with  which  these  periodical  changes  sometimes  succeed  each 
other.  This  star  generally  appears  as  one  of  the  second  mag- 
nitude ;  but  an  interval  of  seven  hours  occurs  at  the  expiration 
of  every  sixty-two,  during  the  first  three  hours  and  a  half  of 
which  it  gradually  diminishes  in  briglitness  till  it  is  reduced  to 
a  star  of  the  fourth  magnitude,  and  during  the  remainder  of 
the  interval  it  again  gradually  increases  until  it  recovers  its 
original  magnitude.  Thus,  if  we  suppose  it  to  have  attained 
its  maximum  splendour  at  midnight  on  the  first  day  of  the 
month,  its  changes  would  be  as  follows : — 

D.    H.     M.  D.    H.     M. 

0    0    Oto214    Olt  appears  of  second  magnitude. 

2  14    0  to  2  17  24  It  decreases  gradually  to  fourth  magnitude. 

2  17  24  to  2  20  48  It  increases  gradually  to  second  magnitude* 
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D.    H.    X.    D.  H.    M. 

2  20  48  to  6  10  48  It  appears  of  second  magnitude. 
6  10  48  to  6  14  12  It  decreases  to  fourth  magnitude. 
5  14  12  to  5  17  36  It  increases  to  second  magnitude. 
kc.  &c  &c 

This  star  presents  an  interesting  example  of  its  class,  as  it  is 
constantly  visible,  and  its  period  is  so  short  that  its  succession 
of  phases  maj  be  frequently  and  convenientlj  observed.  It  is 
situate  near  the  foot  of  the  constellation  AndramedOy  and  lies  a 
few  degrees  north-east  of  three  stacs  of  the  fourth  magnitude 
which  form  a  triangle. 

Goodricke,  who  discovered  the  periodic  phenomena  of  Algol 
in  1782,  explained  these  appearances  by  the  supposition  that 
some  opaque  body  revolves  round  it,  being  thus  periodicallj 
interposed  between  the  earth  and  the  star,  so  as  to  intercept  a 
large  portion  of  its  light. 

The  more  recent  observations  on  this  star  indicate  a  decrease 
of  its  period,  which  proceeds  with  accelerated  rapidity.  Sir  J. 
Herschel  thinks  that  this  decrease  will  attain  a  limit,  and  will 
be  followed  by  an  increase,  so  that  the  variation  of  the  period 
will  prove  itself  to  be  periodic 

The  stars  5  in  Cepheus  and  /3  in  Lyra  are  remarkable  for 
the  regular  periodicity  of  their  lustre.  The  former  passes  from 
its  least  to  its  greatest  lustre  in  thirty-eight  hours,  and  from  its 
greatest  to  its  least  in  ninety-one  hours.  The  changes  of  lustre 
of  the  latter,  according  to  the  recent  observations  of  M.  Arge^ 
lander,  are  very  complicated  and  curious.  Its  entire  period  is 
12  days  21  hrs.  53  min.  10  sec,  and  in  that  time  it  first  increases 
in  lustre,  then  decreases,  then  increases  again,  and  then  decreases, 
so  that  it  has  two  maxima  and  two  minima.  At  the  two  maxima 
its  lustre  is  that  of  a  star  of  the  3*4  magnitude,  and  at  one  of 
the  minima  its  lustre  is  that  of  a  star  of  the  4*3,  and  at  the 
other  that  of  a  star  of  the  4*5  magnitude 

In  this  case  also  the  period  of  the  star  is  found  to  be  perio- 
dically variable 

3341.  Table  of  the  periodic  stars. — ^In  the  following  Table 
the  stars  periodically  variable,  discovered  up  to  1848,  are 
given,  with  their  periods  and  extremes  of  lustre.  This  Table 
has  been  collected  from  various  astronomical  records  by  Sir  J, 
Herschel. 
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fi  Pertel  (Algol)    .... 

X  Tauri  ..... 

Cephel         ..... 

«)  Aqutlc         -        -        .        -        « 

•  Cancrl  R.  A.  ( 1800.)  »  8k  M-5«  7 

N.  P.  D.  70O  ly  j 

{  Geminoram         .... 

/8  Lyr« 

«  Herculit  ..... 
&9  B.  Scuti  R  A.  (1801.)  =18I>S7b  } 

N.  P.  D.*- 950  57'  j 

I  AuriffB         ..... 

•  Ceti  (Mira)  .... 

•  SerpentU  R.  A.  (1828.)= 15b  4601 1 

45i  :   P.  D.  740  20*  80"  j 

5  HySrw  (B.  A.  C."4fiOl')  '•       I 

•  Ophel  (B.  A.  C.  758-2.)  -  - 
34  Cynic  B.  A.  C.  6990.) 

•  Leonit  (B.  A.  C.  3345  )  . 

«  Sagittaril 

•^  Leonii  ..... 
•I  Cygnl 

•  VirginU  R.  A.  (1840)  a  ISk  Sni  ) 

N.  P.  D.  820  8'  j 

•  Coron«  Bor.  (B.  A.  C.  5336.)  - 
7  Arietit  (B.  A.  C.  581.) 

n  ArgOt  ..... 

«  Orlonit  ..... 
«  Urtae  iniO<»^*  .... 
«)  Urtcmajorit  .  .  .  . 
/9  Unae  minoilt  ... 

«  Castiopeic  .... 
«  Hydrc        ..... 

•  R.  A.  (1847.)  -B  »!>  58m  57  9t  ) 

N.  P.  D.  =*  80°  17'  30"  j 

•  R.  A.  (1848.)  —  7»»    83ni   55-3i  ^ 

N.  P.  D. —  660  11' 56" 

•  R.   A.     (1848.)  — 7»»  40ni   lO-S* 

N.P.  D   =650  53' 29" 
Near  •  R.'A.  S3l>  Sim  o-4a  (1848) 
N.  P.  D.  lOCO  42'  40" 

•  R    A.    (184R)    14t»    44m  a9-6« 

N.  P.  D.  lOP  4y  26" 
)  Uriis  Majorit     .... 


d.   itoc 
2-8673 
4± 
6*3664 
7*1 768 

9-01 5 
102 
12*9119 
6S± 

71-200 

260  ± 
331*63 

835± 

396-876 

494  ± 
6  or  6  years 
18ycarf± 
Many  years 
Ditto 
Ditto 
Ditto 

146  days 

10|  months 
5  years  ? 
Irregular 
Irregular 
Some  years 
Ditto 

2  or  3  years  ? 
226  days? 
29  or  30  days  ? 

Unknown 

Ditto 

Ditto 

Ditto 

Ditto 
ICany  years 


ChmRcof 


2 
4 
34 

3-4 

7-8 

4-3 
3-4' 
3 


3 
2 

7? 

6 

4 
3 


4 

64 
6 
4-6 

10 

4-5 
4-5 

4 


11 
10 


0 

6 

4-6 

5-6 

6-7 

1-2 

1-2 

1-2 

2-3 

2-3 

2-3 

9 

7-8 


2? 


0 

0 

0 

910 
2-3 


Goodricke.  1782. 
Baxendell,  1848. 
Goodricke,  1784. 
Plgott,  1784. 

Hind,  1848. 

Schmidt.  1847. 
Goodricke,  1784. 
Herschel,  1796. 

Plgott,  1795. 

Hels,  1846. 
Fabncius,  1596. 

Harding,  1826. 

Kirch,  1687. 
Maraldi,  1704. 
Herschel,  1782. 
Janson,  1600. 
Koch,  17H2. 
Halley,  1676. 
Montanari,  1667. 
Herschel  Jan.,  1842? 

Harding.  1814. 

Plgott,  1795. 
Piazsi,  1798. 
Burchell,  i827. 
Herschel  Jun.,  1836. 
Ditto.  1846. 
Ditto.  1846. 
Struve,  1838. 
Herscliel  Jun.,  1888. 
Ditto,  1837. 

Hind,  1848. 
Ditto,  1848. 
Ditto,  1818. 
RQmker. 

Schumacher. 

Matter  of  general 
remark. 


N.  B.  In  the  above  list  the  letters  B.  A.  C.  indicate  the  cataIog:ae  of  the 
British  Association,  R  the  catalog:ae  of  Bode.  Nmnbers  before  the  name  of 
the  constellation  (as  34  Cygni)  denote  Flamsteed*s  stars.  Since  this  Table 
was  drawn  up,  four  additional  stars,  variable  from  the  8th  or  9th  magni- 
tude to  0,  have  been  communicated  to  ns  bj  Mr.  Hind,  whose  places  are  as 
follow :  (l.^l  R.  A.  l"*  38-  24-  ;  v.  P.  D.  81*^  9'  39"  ;  (2.)  4*  50-  42%  80*> 
6'  36"  (1846)  ;  (3.)  8"  43-  8%  86<^  1 1'  (1800)  ;  (4.)  22»'  12-  9%  82°  69'  24" 
(1800).  Mr.  Hind  remarks  that  about  several  variable  stars  some  degree 
of  haziness  is  perceptible  at  their  minimum.  Have  they  clouds  revolving 
Tound  them  as  planetary  or  cometary  attendants  ?  He  also  draws  attention 
to  the  fact  that  the  red  colour  predominates  among  variable  stars  generally. 
The  double  star,  No.  2718  of  Struve's  Catalogue,  r.  a.  20*'  34-  p.  d.  77*^ 
64',  is  stated  by  Sir  John  Herschel  to  be  variable.  Captain  Smyth  (Celes- 
^tialC^cle,  I  274.)  mentions  also  3  Leonis  and  18  Leonis  as  vuiable,  tiie 
former  from  6-  to  0,  p  =  78  days,  the  latter  from  6-  to  10-,  p=311*  23^ 
but  without  citing  any  authority.  Piazzi  sets  down  96  and  97  Yirginis 
and  38  Herculis  as  variable  stars. 
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In  the  case  of  many  of  the  stars  in  the  preceding  Table,  die 
Tariations  of  lustre  are  subject  to  considerable  irregolaridea. 
Thus  No.  13  was  scarcely  visible  from  1698,  for  the  interval  of 
three  jears,  even  at  the  epochs  when  it  ought  to  have  had  its 
greatest  lustre.  The  extremes  of  lustre  of  No.  9  are  also  very 
variable  and  irregiilar.  In  general  the  variations  of  No.  22 
are  so  inconsiderable  as  to  be  scarcely  perceivable,  but  they 
become  sometimes  suddenly  so  great  that  the  star  wholly  disap- 
pears. The  variations  of  No.  25  were  very  conspicuous  from 
1836  to  1840,  and  again  in  1849,  being  much  less  so  in  the 
intermediate  time. 

3342.  Hypotheses  proposed  to  explain  these  phenomena.  — 
Several  explanations  have  been  proposed  for  these  appearances. 

1.  Sir  W.  Herschel  considered  that  the  supposition  of  the 
existence  of  spots  on  the  stars  similar  to  the  spots  on  the  sun, 
combined  with  the  rotation  of  the  stars  upon  axes,  similar  to 
the  rotation  of  the  sun  and  planets,  afforded  so  obvious  and 
satisfactory  an  explanation  of  the  phenomena,  that  no  other  need 
be  sought. 

2.  Newton  conjectured  that  the  variation  of  brightness  might 
be  produced  by  comets  falling  into  distant  suns  and  causing 
temporary  conflagrations.  Waiving  any  other  objection  to  this 
conjecture,  it  is  put  aside  by  its  insufficiency  to  explain  the 
periodicity  of  the  phenomena. 

3.  Maupertius  has  suggested  that  some  stars  may  have  the 
form  of  thin  flat  disks,  acquired  either  by  extremely  rapid 
rotation  on  an  axis,  or  other  physical  cause.  The  ring  of 
Saturn  affords  an  example  of  this,  within  the  limits  of  our  own 
system,  and  the  modem  discoveries  in  nebular  astronomy  ofller 
other  examples  of  a  like  form.  The  axis  of  rotation  of  such  a 
body  might  be  subject  to  periodical  change  like  the  nutation  <£ 
the  earth's  axis,  so  that  the  flat  side  of  the  luminous  disk  might 
be  present  more  or  less  towards  the  earth  at  different  times, 
and  when  the  edge  is  so  presented,  it  might  be  too  thin  to  be 
visible.  Such  a  succession  of  phenomena  are  actually  exhibited 
in  the  case  of  the  rings  of  Saturn,  though  proceeding  from 
different  causes. 

4.  Mr.  Dunn*  has  conjectured  that  a  dense  atmosphere  sur- 
rounding the  stars,  in  different  parts  more  or  less  pervious   to 

•  PhiL  Tram.  VoL  LIL 
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light,  maj  explain  the  phenomena.  This  conjecture,  otherwise 
vague,  indefinite,  and  improbable,  totally  fails  to  explain  the 
periodicity  of  the  phenomena. 

5,  It  has  been  suggested  that  the  periodical  obscuration  or 
total  disappearance  of  the  star,  may  itfise  from  transits  of  the 
star  by  its  attendant  planets.  The  transits  of  Venus  and  Mer- 
cury are  the  basis  of  this  conjecture. 

The  transits  of  none  of  the  planets  of  the  solar  system,  seen 
from  the  stars,  could  render  the  sun  a  periodic  star.  The  mag- 
nitudes, even  of  the  largest  of  them,  are  altogether  insufficient 
for  such  an  effect.  To  this  objection  it  has  been  answered  that 
planets  of  vastly  greater  comparative  magnitude  may  revolve 
round  other  suns.  But  if  the  magnitude  of  a  planet  were 
sufficient  to  produce  by  its  transit  these  considerable  obscura- 
tions, it  must  be  very  little  inferior  to  the  magnitude  of  the  sun 
itself,  or  at  all  events,  it  must  bear  a  very  considerable  propor- 
tion to  the  magnitude  of  the  sun ;  in  which  case  it  may  be 
objected  that  the  predominance,  of  attraction  necessary  to  main- 
tain the  sun  in  the  centre  of  its  system  could  not  be  secured. 
To  this  objection  it  is  answered,  that  although  the  planet  may 
have  a  great  comparative  magnitude^  it  may  have  a  very  small 
comparative  density ^  and  the  gravitating  attraction  depending 
on  the  actual  mass  of  matter,  the  predominance  of  the  solar 
mass  may  be  rendered  consistent  with  the  great  relative  magni- 
tude of  the  planet  by  supposing  the  density  of  the  one  vastly 
greater  than  that  of  the  other.  The  density  of  the  sun  is  much 
greater  than  the  density  of  Saturn. 

6.  It  has  been  suggested  that  there  may  be  systems  in  which 
the  central  body  is  a  planet  attended  by  a  lesser  sun  revolving 
round  it  as  the  moon  revolves  round  the  earth,  and  in  that  case 
the  periodical  obscuration  of  the  sun  may  be  produced  by  its 
passage  once  in  each  revolution  behind  the  central  planet. 

Such  are  the  various  conjectures  which  have  been  proposed 
to  explain  the  periodic  stars;  and  as  they  are  merely  conjectures, 
scarcely  deserving  the  name  of  hypotheses  or  theories^  we  shall 
leave  them  to  be  taken  for  what  they  are  worth. 

n.    TEMPOKART  STABS. 

Phenomena  in  most  respects  similar  to  those  just  described, 
but  exhibiting  no  recurrence,  repetition,  or  periodicity,  have 
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been  obeerred  in  manj  stars.  Thus^  stars  have  from  time  to 
time  appeared  in  various  parts  of  the  firmament,  have  shone 
with  extraordinary  splendour  for  a  limited  time,  and  have  then 
disappeared  and  have  never  again  been  observed. 

3848.  Temporary  star$  seen  in  ancient  times,  —  The  first 
star  of  this  class  which  has  been  recorded,  is  one  observed  hj 
HipparchuSf  125  B.  c,  the  disappearance  of  which  is  said  to 
have  led  that  astronomer  to  make  his  celebrated  catalogue  of 
the  fixed  stars ;  a  work  which  has  proved  in  modem  times  oi 
great  value  and  interest.  In  the  389th  year,  of  our  era,  a  star 
blazed  forth  near  a  AquiUty  which  shone  for  three  weeks,  ap- 
pearing as  splendid  as  the  planet  Venus,  after  which  it  dis^H 
peared  and  has  never  since  been  seen.  In  the  years  945,  1264, 
and  1572,  brilliant  stars  appeared  between  the  constellations 
of  Cepheus  and  Cassiopeia.  The  accounts  of  the  positions  of 
these  objects  are  obscure  and  uncertain,  but  the  intervals 
between  the  epochs  of  their  appearances  being  nearly  equal,  it 
has  been  conjectured  that  they  were  successive  returns  of  the 
same  periodic  star,  the  period  of  which  is  about  300  years,  or 
possibly  half  that  interval. 

The  appearance  of  the  star  of  1572  was  very  remarkable, 
and  having  been  witnessed  by  the  most  eminent  astronomers  ik 
that  day,  the  account  of  it  may  be  considered  to  be  well  entitled 
to  confidence.  Tycho  Brake,  happening  to  be  on  his  retura 
on  the  evening  of  the  11th  November  from  his  laboratory  to 
his  dwelling-house,  found  a  crowd  of  peasants  gazing  at  a  star 
which  he  was  sure  did  not  e^st  half  an  hour  before.  This  was 
the  temporary  star  of  1572,  which  was  then  as  bright  as  the 
Dog-star,  and  continued  to  increase  in  splendour  until  it  sur- 
passed Jupiter  when  that  planet  is  most  brilliant,  and  finally  it 
attained  such  a  lustre,  that  it  was  visible  at  mid-day.  It  began 
to  diminish  in  December,  and  altogether  disappeared  in  March, 
1574. 

On  the  10th  October,  1604,  a  splendid  star  suddenly  bur^ 
out  in  the  constellation  of  Serpentarius,  which  was  as  bright 
as  that  of  1572.  It  continued  visible  till  October,  1605,  when 
it  vanished. 

3344.  Temporary  star  observed  by  Mr.  Hind, — A  star  of 
the  fifth  magnitude,  easily  visible  to  the  naked  eye,  was  seen  by 
Mr.  Hind  in  the  constellation  of  Ophiuchus,  on  the  night  of  the 
28th  April,   1848.     From  the  perfect  acquaintance  of  that  ob- 


Digitized  by 


Google 


DOUBLE  STAKS.  773 

server  with  the  region  of  the  firmament  in  which  he  saw  it,  he 
was  quite  certain  that,  previous  to  the  5th  April,  no  star  brighter 
than  those  of  the  ninth  magnitude  had  been  there,  nor  is  there 
any  star  in  the  catalogues  at  all  corresponding  to  that  which  he 
saw  there  on  the  28th.  This  star  continued  to  be  seen  until  the 
advance  of  the  season  and  its  low  altitude  rendered  it  impossi-* 
ble  to  be  observed.  It,  however,  constantly  diminished  in  lustre 
until  it  disappeared,  and  has  not  since  been  seen. 

3345.  Missing  stars. — To  the  class  of  temporary  stars  may 
be  referred  the.  cases  of  numerous  stars  which  have  disappeared 
from  the  firmament.  On  a  careful  examination  of  the  heavens, 
and  a  comparison  of  the  objects  observed  with  former  catalogues, 
and  of  catalogues  ancient  and  modem  with  each  other,  many 
stars  formerly  known  are  now  ascertained  to  be  missing ;  and 
although,  as  Sir  John  Herschel  observes,  there  is  no  doubt  that 
in  many  instances  these  apparent  losses  have  proceeded  from 
mistaken  entries,  yet  it  is  equally  certain  that  in  numerous  cases 
there  can  have  been  no  mistake  in  the  observation  or  the  entry, 
and  that  the  star  has  really  existed  at  a  former  epoch,  and  as 
certainly  has  since  disappeared. 

When  we  consider  the  vast  length  of  many  of  the  periods  of 
astronomical  phenomena,  it  is  far  from  being  improbable  that 
these  phenomena  which  seem  to  be  occasional,  accidental,  and 
springing  from  the  operation  of  no  regular  physical  causes,  such 
as  those  indicated  by  the  class  of  variable  stars  first  considered, 
may  after  all  be  periodic  stars  of  the  same  kind,  whose  appear- 
ances and  disappearances  are  brought  about  by  similar  causes. 
AU  that  can  be  certainly  known  respecting  them  is,  that  they 
have  appeared  or  disappeared  once  in  that  brief  period  of  time 
within  which  astronomical  observations  have  been  made  and 
recorded.  If  they  be  periodic  stars,  the  length  of  whose  period 
exceeds  that  interval,  their  changes  could  only  have  been  once 
exhibited  to  us,  and  after  ages  have  rolled  away,  and  time  has 
converted  the  future  into  the  past,  astronomers  may  witness  the 
next  occurrence  of  their  phases,  and  discover  that  to  be  regu- 
lar, harmonious,  and  periodic,  which  appears  to  us  accidental, 
occasional,  and  anomalous* 

m.   DOUBLE   STARS. 

When  the  stars  are  examined  individually  by  telescopes  of  a 
certain  power,  it  is  found  that  many  which  to  the  naked  eye 
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appear  to  be  single  stars  are  in  realitj  two  stars  placed  so 
close  together  that  they  appear  as  one.  These  are  called  double 
stars. 

3346.  Researches  of  Sir  W.  and  Sir  J.  HerseheU — A  very 
limited  number  of  these  objects  had  been  discovered  before  tlie 
tflescope  had  received  the  vast  accession  of  power  which  was 
given  to  it  by  the  labour  and  genius  of  Sir  William  Herschel. 
'That  astronomer  observed  and  catalogued  500  double  stars ; 
and  subsequent  observers,  among  whom  his  son.  Sir  John 
Herschel^  holds  the  foremost  place,  have  augmented  the  number 
to  6000. 

3347.  Stars  optically  double,  —  The  close  apparent  juxta- 
position of  two  stars  on  the  firmament  is  a  phenomenon  which 
might  be  easily  explained,  and  which  could  create  no  surprise. 
Such  nn  appearance  would  be  produced  by  the  accidental  cir- 
cumstance of  the  lines  of  direction  of  the  two  stars  as  seen 
from  the  earth,  forming  a  very  small  angle,  in  which  case, 
although  the  two  stars  might  in  reality  be  as  far  removed 
from  each  other  as  any  stars  in  the  heavens,  they  would  never- 
theless appear  close  together.     The  Jig,  869.  will  render  this 


Fig.  869. 

easily  understood.  Let  a  and  h  be  the  two  stars  seen  from 
c.  The  star  a  will  be  seen  relatively  to  ^,  as  if  it  were  at  </, 
and  the  two  objects  will  seem  to  be  in  close  juxta-position  ;  and 
if  the  angle  under  the  lines  c  a  and  c  h  he  less  than  the  sum 
of  the  apparent  semidiameters  of  the  stars,  they  would  actually 
appear  to  touch. 

3348.   This  supposition  not  generally  admissible If  such 

objects  were  few  in  number,  this  mode  of  explaining  them  might 
be  admitted ;  and  such  may,  in  fact,  be  the  cause  of  the  pheno- 
menon in  some  instances.  The  chances  against  such  proximity 
of  the  lines  of  direction  are  however  so  great  as  to  be  utterly  in- 
compatible with  the  vast  number  of  double  stars  that  have  been 
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discovered,  even  were  there  not,  as  there  is,  other  conclusive 
proof  that  this  proximity  and  companionship  is  neither  acci- 
dental nor  merely  apparent,  but  that  the  connection  is  real,  and 
that  the  objects  are  united  bj  a  physical  bond  analogous  to 
that  which  attaches  the  planets  to  the  sun. 

But  apart  from  the  proofs  of  real  proximity  which  exist 
respecting  many  of  the  double  stars,  and  which  will  presently 
be  explained,  it  has  been  shown  that  the  probability  against 
mere  optical  juxta-position  such  as  that  described  above  is 
almost  infinite*  Professor  Struve  has  shown  that,  taking  the 
number  of  stars  whose  existence  has  been  ascertained  by  ob- 
servation down  to  the  7th  magnitude  inclusive,  and  supposing 
them  to  be  scattered  fortuitously  over  the  entire  firmament,  the 
chances  against  any  two  of  them  having  a  position  so  close 
to  each  other  as  4"  would  be  9570  to  1.  But  when  this  cal- 
culation was  made,  considerably  more  than  100  cases  of  such 
duple  juxta-position  were  ascertained  to  exist.  The  same 
astronomer  also  calculated  that  the  chances  against  a  third  star 
falling  within  32"  of  the  first  two  would  be  173524  to  one; 
yet  the  firmament  presents  at  least  four  such  triple  combi- 
nations. 

Among  the  most  striking  examples  of  double  stars  may  be 
mentioned  the  bright  star  Castor,  which,  when  sufficiently 
magnified,  is  proved  to  consist  of  two  stars  between  the  third 
and  fourth  magnitudes,  within  five  seconds  of  each  other. 
There  are  many,  however,  which  are  separated  by  intervals  less 
than  one  second;  such  as  £  Arietis,  Atlas  Pleiadum,  y  Cototub, 
ri  and  (  HercuUs,  and  r  and  X  Ophittchu 

3349.  Argument  against  mere  optical  double  stars  derived 
from  their  proper  motion, — Another  argument  against  the  sup- 
position of  mere  fortuitous  optical  juxta-position,  unattended  by 
any  physical  connection,  is  derived  from  a  circumstance  which 
will  be  fully  explained  hereafter.  Certain  stars  have  been  as- 
certained to  have  a  proper  motion,  that  is  a  motion  exclu- 
sively belonging  to  each  individual  star,  in  which  the  stars 
around  it  do  not  participate.  Now,  some  of  the  double  stars 
have  such  a  motion.  If  one  individual  of  the  pair  were  affected 
by  a  proper  motion,  in  which  the  other  does  not  participate, 
their  separation  at  some  subsequent  epoch  would  become 
inevitable,  since  one  would  necessarily  move  away  from  the 
other.    Now,  no  such  separation  has  in  any  instance  been 
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witnessed.  It  follows,  therefore,  that  the  proper  motion  of  one 
equally  affects  the  other,  and  consequentl/,  that  their  juxta- 
position is  real  and  not  merely  optical. 

3350.  Seruve*s  classification  of  double  stars. — The  systematic 
ohserration  of  double  stars,  and  their  reduction  to  a  catalogue 
with  individual  descriptions,  commenced  bj  Sir  W.  Herschel, 
has  been  continaed  with  great  actiritj  and  success  by  Sir  J. 
Herschel,  Sir  J.  South,  and  Professor  Struye,  so  that  the  num- 
ber of  these  objects  now  known,  as  to  character  and  position, 
amounts  to  several  thousand,  the  individuals  of  each  pair  being 
less  than  32"  asunder.  They  have  been  classed  by  Professor 
Struve  according  to  their  distances  asunder,  the  first  class  being 
separated  by  a  distance  not  exceeding  V\  the  second  between  1" 
and  2",  the  third  between  2"  and  4",  the  fourth  between  4"  and 
8'',  the  fifth  between  8''  and  12'',  the  sixth  between  12''  and 
16",  the  seventh  between  16"  and  24",  and  the  eighth  between 
24"  and  32". 

3351.  Selection  of  double  itori.^The  double  stars  in  the  fol- 
lowing Table  have  been  selected  by  Sir  J.  Herschel  from  Struve*s 
catalogue,  as  remarkable  examples  of  each  class  well  adapted 
for  observations  by  amateurs,  who  may  be  disposed  to  try  by 
them  the  efficiency  of  telescopes.      (  See  next  page.) 

3352.  Coloured  double  stars — One  of  the  characters  observed 
among  the  double  stars  is  the  frequent  occurrence  of  stars  of 
different  colours  found  together.  Sometimes  these  colours  are 
complementary  (1059.);  and  when  this  occurs,  it  is  pos^ble  that 
the  fainter  of  the  two  may  be  a  white  star,  which  appears  to 
have  the  colour  complementary  to  that  of  the  more  brilliant, 
in  consequence  of  a  well-understood  law  of  vision,  by  which  the 
retina  being  highly  excited  by  light  of  a  particular  colour  ia 
rendered  insensible  to  less  intense  light  of  the  same  colour,  so 
that  the  complement  of  the  whole  light  of  the  fainter  star  finds 
the  retina  more  sensible  than  that  part  which  is  identical  in 
colour  with  the  brighter  star,  and  the  impression  of  the  com* 
piemen tary  colour  accordingly  prevails.  In  many  cases,  how- 
ever, the  difference  of  colour  of  the  two  stars  is  reaL 

When  the  colours  are  complementary,  the  more  briUiant  star 
is  generally  of  a  bright  red  or  orange  colour,  the  smaller  ap- 
pearing blueish  or  greenish.  The  double  stars  c  Cancri  and 
y  Andromachffi  are  examples  of  this.  According  to  Sir  J. 
Hei*schel,  insulated  stars  of  a  red  colouTy  some  almost  blood- 
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red,  occur  in  znanj  parts  of  the  heavens ;  but  no  example  has 
been  met  with  of  a  decidedly  green  or  blue  star  unaaaociated 
with  a  much  brighter  companion. 

3353.  Triple  and  other  multiple  */ar*.— When  telescopes  of 
the  greatest  efficiency  are  directed  upon  some  stars,  which  to 
more  ordinary  instruments  appear  only  double,  they  prove  to 
consist  of  tliree  or  more  stars.  In  some  cases  one  of  the  two 
companions  only  is  double,  so  that  the  entire  combination  is 
triple.  In  others,  both  are  double,  the  whole  being,  therefore, 
a  quadruple  star.  An  example  of  this  latter  class  is  presented 
by  the  star  e  Lyras.  Sometimes  the  third  star  is  much  smaller 
than  the  principal  ones,  for  example,  in  the  cases  of  C  Cancri, 
I  Scorpii,  11  Monoceros,  and  12  Lyncis.  In  others,  as  in  6 
Orionis,  the  four  component  stars  are  all  conspicuous. 

3354.  Attempts  to  discover  the  stellar  parallax  hy  dimble 
stars. — When  the  attention  of  astronomers  was  first  attracted 
to  double  stars,  it  was  thought  they  would  afford  a  most  pro- 
mising means  of  determining  the  annual  parallax,  and  thereby 
discovering  the  distance  of  the  stars.     If  we  suppose  the  two 

individuals  composing  a  double  star,  being  situ- 
ate very  nearly  in  the  same  direction  as  seen 
from  the  earth,  to  be  at  very  different  distances, 
it  might  be  expected  that  their  apparent  rela- 
tive position  would  vary  at  different  seasons  of 
the  year,  by  reason  of  the  change  of  position 
of  the  earth. 

Let  A  and  b,  ^g.  870.,  represent  the  two  in- 
dividuals composing  a  double  star.     Let  c  and 
D  represent  two  positions  of  the  earth  in  its 
annual  orbit,  separated  by  an  interval  of  half  a 
year,  and  placed  therefore  on  opposite  sides  of 
the  sun  s.     When  viewed  from  c,  the  star  b 
will  be  to  the  left  of  the  star  A;    and  when 
viewed  from  d,  it  will  be  to  the  right  of  it. 
During  the  intermediate  six  months  the  rela- 
tive  change  of  position   would  gradually   be 
effected,  and  the  one  star  would  thus  appear 
Jig.  870.         either  to  revolve  annually  round  the  other,  or 
would  oscillate  semi-annually  from  side  to  side  of  the  other* 
The  extent  of  its  play  compared  with  the  diameter  c  d  of  the 
earth's  orbit,  would  supply  the  data  necessary  to  determine  the 
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proportion  which  the  distance  of  the  stars  would  hear  to  that 
diameter. 

The  great  prohlem  of  the  steUar  parallax  seemed  thas  to  be 
reduced  to  the  measurement  of  the  small  interval  between  the 
individuals  of  double  stars ;  and  it  happened  fortunately,  that 
the  micrometers  used  in  astronomical  instruments  were  capable 
of  measuring  these  minute  angles  with  much  greater  relative 
accuracy  than  could  be  attained  in  the  observations  on  greater 
angular  distances.  To  these  advantages  were  added  the  ab- 
sence of  all  possible  errors  arising  from  refraction,  errors  inci- 
dental to  the  graduation  of  instruments,  from  uncertainty  of 
levels  and  plumb-lines,  from  all  estimations  of  abeiTation  and 
precession ;  in  a  word,  from  all  effects  which,  equally  affecting 
both  the  individual  stars  observed,  could  not  interfere  with  the 
results  of  the  observations,  whatever  they  might  be. 

3355.  Observations  of  Sir  W,  Herschel. — These  considera- 
tions raised  great  hopes  among  astronomers,  that  the  means 
were  in  their  hands  to  resolve  finally  the  great  problem  of  the 
stellar  parallax,  and  Sir  William  Herschel  accordingly  engaged, 
with  all  his  characteristic  ardour  and  sagacity,  in  an  extensive 
series  of  observations  on  the  numerous  double  stars,  for  the 
original  discovery  of  which  science  was  already  so  deeply  in- 
debted to  his  labours.  He  had  not,  however,  proceeded  far  in 
his  researches,  when  phenomena  unfolded  themselves  before 
him,  indicating  a  discovery  of  a  much  higher  order  and  interest 
than  that  of  the  parallax  which  he  sought.  He  found  that  the 
relative  position  of  the  individuals  of  many  of  the  double  stars 
which  he  examined  were  subject  to  a  change,  but  that  the 
period  of  this  change  had  no  relation  to  the  period  of  the 
earth*s  motion.  It  is  evident  that  whatever  appearances  can 
proceed  from  the  earth's  annual  motion,  must  be  not  only 
periodic  and  regular,  but  must  pass  annually  through  the  same 
series  of  phases,  always  showing  the  same  phase  on  each  return 
of  the  same  epoch  of  the  sidereal  year.  In  the  changes  of 
position  which  Sir  William  Herschel  observed  in  the  double 
stars,  no  such  series  of  phases  presented  themselves.  Periods, 
it  is  true,  were  soon  developed ;  but  these  periods  were  regulated 
by  intervals  which  neither  agreed  with  each  other  nor  with  the 
earth's  annual  motion. 

3366.  His  discovery  of  binary  stars, — Some  other  explana- 
tion of  the  phenomena  must,  therefore,  b'b  sought  for ;  and  the 
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illustrious  observer  soon  arrived  at  the  conclusion,  that  these 
apparent  changes  of  position  were  due  to  real  motions  in  the 
stars  themselves;  that  these  stars,  in  fact,  moved  in  proper 
orbits  in  the  same  manner  as  the  planets  moved  around  the  sun. 
The  slowness  of  the  succession  of  changes  which  were  observed, 
rendered  it  necessary  to  watch    their  progress  for  a  long 
period  of  time  before  their  motions   could  be  certainly   or 
accurately  known  ;  and  accordingly,  although  these  researches 
were  commenced  in  1778,  it  was  not  until  the  year  1803  that 
the  observer  had  collected  data  sufficient  to  justify  any  positive 
conclusion  respecting  their  orbital  motions.     In  that  and  the 
following  year.  Sir  William  Herschel  announced  to  the  Royal 
Society,  in  two  memorable  papers  read  before  that  body,  that 
there  exist  sidereal  systems  consisting  of  two  stars  revolving 
about  each  other  in  regular  orbits,  and  constituting  what  he 
called  binary  stars,  to  distinguish  them  from  double  stars,  gene- 
rally so  called,  in  which  no  such  periodic  change  of  position  is 
discoverable.     Both  the  individusJs  of  a  binary  star  are  at  the 
same  distance  from  the  eye  in  the  same  sense  in  which  the 
planet  Uranus  and  its  attendant  satellites  are  said  to  be  at  the 
same  distance. 

More  recent  observation  has  fully  confirmed  these  remark* 
able  discoveries.  In  1841,  Madler  published  a  catalogue  of 
upwards  of  100  stars  of  this  class,  and  every  year  augments 
their  number.  These  stars  require  the  best  telescopes  for  their 
observation,  being  generally  so  close  as  to  render  the  use  of  very 
high  magnifying  powers  indispensable. 

3357*  Extension  of  the  law  of  gravitation  to  the  stars, — The 
moment  the  revolution  of  one  star  round  another  was  ascer- 
tained, the  idea  of  the  possible  extension  of  the  great  principle 
of  gravitation  to  these  remote  regions  of  the  universe  naturally 
suggested  itself.  Newton  has  proved  in  his  iVtnctpio,  that  if  a 
body  revolve  in  an  ellipse  by  an  attractive  force  directed  to  the 
focus,  that  force  will  vary  according  to  the  law  which  characte- 
rises gravitation.  Thus  an  elliptical  orbit  became  a  test  of  the  pre- 
sence and  sway  of  the  law  of  gravitation.  If,  then,  it  could  be 
ascertained  that  the  orbits  of  the  double  stars  were  ellipses,  we 
should  at  once  arrive  at  the  fact  that  the  law  of  which  the  dis- 
covery conferred  such  celebrity  on  the  name  of  Newton,  is  not 
confined  to  the  solar  system,  but  prevails  throughout  the  uni- 
verse. • 
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3358.  Orbit  of  star  around  star  elliptic, — The  first  dis- 
tinct system  of  calculation  by  which  the  true  elliptic  elements 
of  the  orbit  of  a  binary  star  were  ascertained,  was  supplied  in 
1830,  by  M.  Savary,  who  showed  that  the  motion  of  one  of  the 
most  remarkable  of  these  stars  ((  Ursce  majoris),  indicated  an 
elliptic  orbit  described  in  58^  years.  Professor  Enck^,  by  an- 
other process,  arrived  at  the  fact  that  the  star  60  Ophiuchi 
moved  in  an  ellipse  with  a  period  of  74  years.  Several  other 
orbits  were  ascertained  and  computed  by  Sir  John  Herschel^ 
MM.  Madler,  Hind,  Smyth,  and  others. 

The  following  Table  is  given  by  Sir  J.  Herschel,  as  contain- 
ing the  principal  results  of  observation  in  this  part  of  stellar 
astronomy  up  to  1850, 
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The  elements  Nos.  1,  2,  3,  4  c,  5,  6  c,  7,  11  b,  12  a,  are  extracted  from 
M.  Madler*s  synoptic  view  of  the  history  of  double  stars,  in  voL  ix.  of  the 
Borpat  Observations  :  4  a,  from  the  Connoiss.  des  Temps,  1830  :  4  b,  6  b, 
and  11a,  from  voL  v.  Trans.  Astron.  Soc.  Lond. :  6  a,  from  Berlin  Ephe- 
meris,  1832  :  No.  8.  from  Trans.  Astron.  Soc  voL  vi. :  No.  9,  11  c,  12  b, 
and  13  from  Notices  of  the  Astronomical  Society,  voL  vii.  p.  22.,  and  viii 
p.  159.,  and  No.  10  from  Sur  John  Herschers  '*  Results  of  Astronomical 
Observations,  &c.,  at  the  Cape  of  Good  Hope,"  p.  297.  The  2  prefixed 
to  No.  7  denotes  the  number  of  the  star  in  M.  Struve's  Dorpat  Catalogue 
(Catalogus  Novus  Stellamm  Duplicium,  &c.,  Dorpat  1827),  which  contains 
the  places  for  1826  of  31 12  of  these  objects. 

The  *'  position  of  the  node  *'  in  col.  4.  expresses  the  angle  of  position 
of  the  line  of  intersection  of  the  plane  of  Uie  orbit,  with  the  plane  of 
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tbe  hcAvcns  on  which  it  if  seen  projected.  The  **  inclination  "  in  coL  6. 
is  the  inclination  of  these  two  planes  to  one  another.  Cd.  5.  showB  the 
angle  actually  included  in  the  plane  of  tke  orbit,  between  the  line  of  nodes 
(defined  as  above)  and  the  line  of  apsides.  The  elemenU  assigned  in  this 
table  to  «  Leonis,  \  Bootis,  and  Castor  must  be  considered  as  Teiy  doobclal, 
and  the  same  majr  perhaps  be  said  of  those  ascribed  to  ^  2  Boods^  which 
rest  on  too  small  an  arc  of  the  orbit,  and  that  too  imperiectlj  obeexTed,  to 
afford  a  secure  basis  of  calculation. 


3359.  Remarkable  case  of  y  Virginis. — The  most  remarkable 
of  these,  according  to  Sir  John  Herschel,  is  y  VtrginU  ;  not  only 

on  account  of  the  length  <^ 
its  ptfriod,  but  by  reason  alao 
of  the  great  di  mi  nation  of 
apparent  distance  and  rapid 
increase  of  angular  motion 
about  each  other,  of  the  in- 
diyiduals  composing  it.  It  is 
a  bright  star  of  the  fonrtk 
magnitude,  and  its  compo- 
nent stars  are  almost  exactly 
equal.  It  has  been  known 
to  consist  of  two  stars  since 
the  beginning  of  the  eight- 
eenth century,  their  dis- 
tance being  then  between 
six  and  seven  seconds;  so 
that  any  tolerably  good  tele- 
scope would  resolve  it.  Since 
that  time  they  have  been 
constantly  approach! ng,  and 
are  at  present  hardly  more 
than  a  single  second  asun- 
der ;  so  that  no  telescope 
that  is  not  of  very  superior 
quality,  is  competent  to  show 
Fig.  871.  them  otherwise   than    as   a 

single  star  somewhat  lengthened  in  one  direction.  It  fortu- 
nately happens  that  Bradley,  in  1718,  noticed  and  recorded,  in 
the  margin  of  one  of  his  observation-books,  the  apparent  direc- 
tion of  their  line  of  junction  as  being  parallel  to  that  of  two 
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remarkable  stars  »  and  3  of  the  same  constellation,  as  seen  by 
the  naked  eje.  They  are  entered  also  as  distinct  stars  in 
Mayer's  catalogue  ;  and  this  affords  also  another  means  of  re- 
covering their  relative  situation  at  the  date  of  his  observations, 
which  were  made  about  the  year  17o6.  Without  pai*ticularising 
individual  measurements,  which  will  be  found  in  their  proper 
repositories,  it  will  suffice  to  remark,  that  their  whole  series  is 
represented  by  an  ellipse. 

3360.  Singular  phenomena  produced  by  one  solar  system 
thus  revolving  round  another,  —  To  understand  the  curious 
effects  which  must  attend  the  case  of  a  lesser  sun  with  its  attend- 
ant planets  revolving  round  a  greater,  let  the  larger  sun,y?^.  871., 
with  its  planets  be  represented  at  s,  in  the  focus  of  an  ellipse, 
in  which  the  lesser  sun  accompanied  by  its  planets  moves*  At 
▲  this  latter  sun  is  in  its  perihelion,  and  nearest  to  the  greater 
sun  8.  Moving  in  its  periodical  course  to  b,  it  is  at  its  mean 
distance  from  the  sun  s.  At  d  it  is  at  aphelion,  or  its  most 
distant  point,  and  finally  returns  through  c  to  its  perihelion 
▲.  The  sun  s,  because  of  its  vast  distance  from  the  system  a, 
would  appear  to  the  inhabitants  of  the  planets  of  the  system  a 
much  smaller  than  their  proper  sun  ;  but,  on  the  other  hand, 
this  effect  of  distance  would  be  to  a  certain  extent  compensated 
by  its  greatly  superior  magnitude ;  for  analogy  justifies  the 
inference  that  the  sun  s  is  greater  than  the  sun  a  in  a  pro- 
portion equal  to  that  of  the  magnitude  of  our  sun  to  one  of 
the  planets.  The  inhabitants  of  the  planets  of  the  system  a 
will  then  behold  the  spectacle  of  two  suns  in  their  firmament. 
The  annual  motion  of  one  of  these  suns  will  be  determined  by 
the  motion  of  the  planet  itself  in  its  orbit,  but  that  of  the 
other  and  more  distant  sun  will  be  determined  by  the  period 
of  the  lesser  sun  around  the  greater  in  the  orbit  a  b  d  c. 
The  rotation  of  the  planets  on  their  axes  will  produce  two  days 
of  equal  length,  but  not  commencing  or  ending  simultaneously. 
There  will  be  in  general  two  sunrises  and  two  sunsets  !  When 
a  planet  is  situate  in  the  part  of  its  orbit  between  the  two 
suns,  there  will  be  no  night.  The  two  suns  will  then  be  placed 
exactly  as  our  sun  and  moon  are  placed  when  the  moon  is  full. 
When  the  one  sun  sets,  the  other  will  rise  ;  and  when  the  one 
rises,  the  other  will  set.  There  will  be,  therefore,  continual  day. 
On  the  other  hand,  when  a  planet  is  at  such  a  part  of  its  orbit 
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thai  both  8uns  lie  in  nearly  the  same  direction  aa  seen  froiOL  it, 
both  suns  will  rise  and  both  will  set  together.  There  will  then 
be  the  ordinary  alternation  of  day  and  night  as  on  the  earth, 
but  the  day  will  have  more  than  the  usoal  splendour,  being 
enlightened  by  two  sans. 

In  all  intermediate  seasons  the  two  suns  will  rise  and  set  at 
different  times.  During  a  part  of  the  day  both  will  be  se^i 
at  once  in  the  heavens,  occupying  different  places^  and  reaching 
the  meridian  at  different  times.  There  will  be  twoo  noons.  In 
the  moruiDg  for  some  time,  more  or  leaSy  according  to  the 
season  of  the  year,  one  sun  only  will  be  apparent,  and  in  like 
manner,  in  the  evening,  the  sun  which  first  rose  will  be  the 
first  to  set,  leaving  the  dominion  of  the  heavens  to  its  spl^idid 
companion. 

The  diurnal  and  annual  phenomena  incidental  to  the  planets 
attending  the  central  sun  s  will  not  be  materially  different^ 
except  that  to  them  the  two  suns  will  have  extremely  dififerent 
magnitudes,  and  will  afford  proportionally  different  d^^re»  of 
light.  The  lesser  sun  will  appear  much  smaller,  both  on 
account  of  its  really  inferior  magnitude  and  its  vastly  g^reat^ 
distance.  The  two  days,  therefore,  when  they  occur,  will  be  of 
very  different  splendour,  one  being  probably  as  much  brighter 
than  the  other  as  the  light  of  noonday  is  to  that  of  full  moon* 
light,  or  to  that  of  the  morning  or  evening  twilight 

But  these  singular  vicissitudes  of  light  will  become  still 
more  striking,  when  the  two  suns  diffuse  light  of  different  co- 
lours. Let  us  examine  the  very  common  case  of  the  com- 
bination of  a  crimson  with  a  blue  sun.  In  general,  they  will 
rise  at  different  times.  When  the  blue  rises,  it  will  for  a 
time  preside  alone  in  the  heavens^  diffusing  a  blue  morning. 
Its  crimson  companion,  however,  soon  appearing,  the  lights 
of  both  being  blended,  a  white  day  will  follow.  As  evening 
approaches,  and  the  two  orbs  descend  toward  the  western 
horizon,  the  blue  sun  will  first  set,  leaving  the  crimson  one  alone 
in  the  heavens.  Thus  a  ruddy  evening  closes  this  curious  suc- 
cession of  varying  lights.  As  the  year  rolls  on,  these  changes 
will  be  varied  in  every  conceivable  manner.  At  those  seasons 
when  the  suns  are  on  opposite  sides  of  a  planet,  crimson  and 
blue  days  will  alternate,  without  any  intervening  night ;  and 
at  the  intermediate  epochs  all  the  various  intervals  of  rising 
and  setting  of  the  two  suns  will  be  exhibited. 
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3361.  Magnitudes  of  the  stellar  orbits.  —  It  is  evident  that 
in  any  case  in  which  the  parallax  of  a  binary  star,  and  conse- 
quently its  distance  from  our  system,  has  been  or  may  be  dis- 
covered, the  magnitude 'of  the  orbit  of  one  described  round  the 
other,  can  be  determined  with  a  precision  and  certainty  pro- 
portional to  those  with  which  the  parallax  is  known.  For,  in 
that  case,  the  linear  value  of  1"  at  the  star,  will  be  found  by 
dividing  the  earth's  distance  from  the  sun  by  the  parallax  ex- 
pressed in  seconds. 

The  binary  stars  61  Cygni  and  «  Centauri  supply  examples 
of  the  application  of  this  principle.  The  parallax  of  these 
stars  has  been  ascertained  (2605.).  That  of  61  Cygni  is  0-348, 
and  the  semi-axis  of  the  elliptic  orbit  of  one  star  round  the 
other  is  15-5".    The  semidiameter  of  the  earth's  orbit  being  d, 

|herefore,  the  linear  value  of  1"  at  the  star  is  q:o^  ,  and  the 
semi-axis  a  of  the  stellar  orbit  is 

15-5 
^  =  ^^^0348=^'^^^- 

It  appears,  therefore,  that  the  semi-axis  of  the  orbit  is  greater 
than  that  of  Neptune's  orbit  in  the  ratio  of  3  to  2. 

The  angle  subtended  by  the  semi-axis  of  the  elliptic  orbit 
of  a  Centauri  is  not  so  certainly  known,  but  is  taken  to  be 
about  12".  The  parallax  of  this  star  being  0-913",  we  should 
then  have 

''  =  ^^i^  =  ^^-^^^' 

The  semi-axis  of  the  stellar  orbit  would,  therefore,  be  about  one 
half  greater  than  the  orbit  of  Saturn. 

3362.  Masses  of  binary  stars  determined  by  their  parallax 
and  period.  —  Since  by  (2634.)  the  relation  of  the  semi-axis 
of  the  orbits  and  the  periodic  times  determines  the  relative 
masses  of  the  central  bodies,  we  are  enabled  to  compare 
the  mass  of  the  central  star  of  a  binary  system  with  that  of 
the  sun,  in  all  cases  in  which  the  real  semi-axis  of  the  orbit 
and  the  periodic  time  are  known.  Thus,  let  m'  be  the  mass  of 
the  central  star,  a'  the  semi-axis  of  the  orbit,  and  p'  the  pe- 
riodic time,  and  let  m  be  the  mass  of  the  sun,  a  the  semi-axis 
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of  the  earth's  orbit,  and  p  the  earth's  period,  and  we  shall 
have 

*      •     *     •  •     p^    •     pi* 

The  periods  of  the  binary  stars  of  known  parallax  have  not 
been  certainly  determined ;  but  if  it  be  assnmed,  as  it  may 
probably  be,  that  the  period  of  61  Cygni  is  about  500  times 
that  of  the  earth,  we  shall  have 

44-54»     , 
"  •  *  ••   500«   '     ' 
and,  therefore, 

m'  =  0*3633  M ; 

80  that  the  mass  of  the  central  star  would  be  a  little  more  tha% 
one  third  of  that  of  the  sun. 


rv.  PBOPER  MOTION  OF  THB  STABS. 

3363.  In  common  parlance  the  stars  are  said  to  be  fixed. 
They  have  received  this  epithet  to  distinguish  them  from  the 
planets,  the  sun,  and  the  moon,  all  of  which  constantly  undergo 
changes  of  apparent  position  on  the  surface  of  the  heavens. 
The  stars,  on  the  contrary,  so  far  as  the  powers  of  the  eye  un- 
aided by  art  can  discover,  never  change  their  relative  position 
in  the  firmament,  which  seems  to  be  carried  round  us  by  the 
diurnal  motion  of  the  sphere,  just  as  if  the  stars  were  attached 
to  it,  and  merely  shared  in  its  apparent  motion. 

But  the  stars,  though  subject  to  no  motion  perceptible  to  the 
naked  eye,  are  not  absolutely  fixed.  When  the  place  of  a  star 
on  the  heavens  is  exactly  observed  by  means  of  good  astro- 
nomical instruments,  it  is  found  to  be  subject  to  a  change  from 
month  to  month  and  from  year  to  year,  small  indeed,  but  still 
easily  observed  and  certainly  ascertained. 

3364.  The  sun  not  a  fixed  centre,  —  It  has  been  demon- 
strated by  Laplace,  that  a  system  of  bodies,  such  as  the  solar 
system,  placed  in  space  and  submitted  to  no  other  continued 
force  except  the  reciprocal  attractions  of  the  bodies  which 
compose  it,  must  either  have  its  common  centre  of  gravity 
stationary  or  in  a  state  of  uniform  rectilinear  motion. 
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3365.  Effect  of  the  sun*s  supposed  motion  on  the  apparent 
places  of  the  stars.  —  The  chances  against  the  conditions  which 
would  render  the  san  stationary,  compared  with  those  which 
would  give  it  a  motion  in  some  direction  with  some  velocitj, 
are  so  numerous  that  we  may  pronounce  it  to  be  morally  certain 
that  our  system  is  in  motion  in  some  determinate  direction 
through  the  universe.  Now,  if  we  suppose  the  sun  attended  by 
the  planets  to  be  thus  moved  through  space  in  any  direc* 
tion,  an  observer  placed  on  the  earth  would  see  the  effects 
of  such  a  motion,  as  a  spectator  in  a  steamboat  moving  on  a 
river  would  perceive  his  progressive  motion  on  the  stream  by  an 
apparent  motion  of  the  banks  in  a  contrary  direction.  The  ob- 
server on  the  earth  would,  therefore,  detect  such  a  motion  of  the 
solar  system  through  space  by  the  apparent  motion  in  the  con- 
trary direction  with  which  the  stars  would  be  affected. 
*  Such  a  motion  of  the  solar  system  would  affect  different  stars 
differently.  All  would,  it  is  true,  appear  to  be  affected  by  a 
contrary  motion,  but  all  would  not  be  equally  affected.  The 
nearest  would  appear  to  have  the  most  perceptible  motion,  the 
more  remote  would  be  affected  in  a  less  degree,  and  some  might, 
from  their  extreme  distance,  be  so  slightly  affected  as  not  to  ex- 
hibit any  apparent  change  of  place,  even  when  examined  with 
the  most  delicate  instruments.  To  whatever  degree  each  star 
might  be  affected,  all  the  changes  of  position  would,  however, 
apparently  take  place  in  the  same  direction. 

The  apparent  effects  would  also  be  exhibited  in  another 
manner.  The  stars  in  that  region  of  the  universe  toward  which 
the  motion  of  the  system  is  directed,  would  appear  to  recede  from 
each  other.  The  spaces  which  separate  them  would  seem  to  be 
gradually  augmented,  while,  on  the  contrary,  the  stars  in  the 
opposite  quarter  would  seem  to  be  crowded  more  closely  toge- 


f'ig.  872. 

ther,  the  distances  between  star  and  star  being  gradually  dimi- 
nished.    This  will  be  more  clearly  comprehended  hjjig.  872. 
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Let  the  line  S9f  represent  the  direction  of  the  motion  of  the 
BjBtem,  and  let  8  and  b'  represent  its  positions  at  anj  two  epochs. 
At  s,  the  stars  abc  would  be  separated  by  intenrals  measured 
by  the  angles  asb,  and  bsc,  while  at  s'  they  would  a|^iear 
separated  by  the  lesser  angles  As'Sy  and  bs'c  Seen  from  s', 
the  stars  abc  would  seem  to  be  closer  together  than  they  were 
when  seen  from  s.  For  like  reasons  the  stars  abc^  towards  which 
the  system  is  here  supposed  to  move,  would  seem  to  be  closer 
together  when  seen  from  s,  than  when  seen  from  s^  Thus,  ia 
the  quarter  of  the  heavens  towards  which  the  system  is  moving 
the  stars  might  be  expected  to  separate  gradually,  while  in  the 
opposite  quarter  they  would  become  more  condensed.  In  all  the 
intermediate  parts  of  the  heavens  they  would  be  affected  by  a 
motion  contrary  to  that  of  the  solar  system.  Such  in  general 
would  be  the  effects  of  a  progressive  motion  of  our  system. 

3366.  Motion  of  the  sun  in/erred  from  the  proper  moHou  cf 
the  stars.  —  Although  no  general  effect  of  this  kind  has  been 
manifested  in  any  conspicuous  manner  among  the  fixed  stars, 
many  of  these  objects  have  been  found,  in  long  periods  of  time, 
to  have  shifted  their  position  in  a  very  sensible  degree.  Thus,  for 
example,  the  three  stars,  Sinus,  Arcturus,  and  Aldebaran,  have 
undergone,  since  the  time  of  Hipparchus  (130  B.a),  a  change 
of  position  southwards,  amounting  to  considerably  more  than 
half  a  degree.  The  double  star  61  Cygni  has,  in  half  a  can* 
tury,  moved  through  nearly  4*5',  the  two  stars  composing  it  being 
carried  along  in  parallel  lines  with  a  common  velocity.  The 
stars  c  Indi  and  /i  Cassiopeia  move  at  the  rate  of  7*74'''  and 
8-74''  annually. 

Various  attempts  have  been  made  to  render  these  and  other 
like  changes  of  apparent  position  of  the  fixed  stars  compatible 
with  some  assumed  motion  of  the  sun.  Sir  W.  Herschel,  in 
1783,  reasoning  upon  the  proper  motions  which  had  then  been 
observed,  arrived  at  the  conclusion,  that  such  appearances 
might  be  explained  by  supposing  that  the  sun  has  a  motion 
directed  to  a  point  near  the  star  X  Herculis.  About  the  same 
time,  Prevost  came  to  a  like  conclusion,  assigning,  however, 
the  direction  of  the  supposed  motion  to  a  point  differing  by 
27**  from  that  indicated  by  Sir  W.  Herschel. 

Since  that  epoch,  the  proper  motions  of  the  stars  have  been 
more  extensively  and  accurately  observed,  and  calculations  of 
the  motion  of  the  sun  which  they  indicate,  have  been  made  by 
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Beveral  astronomers.     The  following  points  have  been  assigned 
as  the  direction  of  the  solar  motion  in  1790: — 


Sir  W.  Herschel. 
Argelander. 

Ditto. 

Ditto. 
LuhndahL 
Otto  Struve. 

The  first  estimate  of  Argelander  was  made  from  the  proper 
motions  of  21  stars,  each  of  which  has  an  annual  motion 
greater  than  P^;  the  second  from  50  stars  having  annual  proper 
motions  between  1"  and  0*5",  and  the  third  from  those  of  319 
stars  having  motions  between  0*5"  and  0*1 ".  The  estimate  of 
M.  Luhndahl  is  based  on  the  motions  of  147  stars,  and  that  of 
M.  Struve  on  392  stars. 

The  mean  of  all  these  estimates  is  a  point  whose  right  ascen- 
sion is  259°  9',  and  north  polar  distance  5°  23',  which  it  will 
be  seen  differs  very  little  from  the  point  originallj  assigned  bj 
Sir  W.  Herschel. 

All  the  preceding  calculations  being  based  on  observations 
made  on  stars  in  the  northern  hemisphere,  it  was  obviously 
desirable  that  similar  estimates  should  be  made  from  the  ob- 
served proper  motions  of  southern  stars.  Mr.  Gralloway  under- 
took and  executed  these  calculations ;  and  found  that  the 
southern  stars  gave  the  direction  of  the  solar  motion  for  1790, 
to  be  towards  a  point  whose  right  ascension  is  260°  T,  and 
north  polar  distance  55°  37'. 

No  doubt,  therefore,  can  remain  that  the  proper  motion  of 
the  stars  is  produced  by  a  real  motion  of  the  solar  system,  and 
that  the  direction  of  this  motion  in  1790  was  towards  a  point 
of  space  which  seen  from  the  then  position  of  the  system 
had  the  right  ascension  of  about  260°,  and  the  north  polar  dis- 
tance of  about  55°. 

3367.  Velocity  of  the  solar  motion.  —  It  follows  from  these 
calculations,  that  the  average  displacement  of  the  stars  re- 
quires that  the  motion  of  the  sun  should  be  such  as  that  if 
its  direction  were  at  right  angles  to  a  visual  ray,  drawn  from  a 
star  of  the  first  magnitude  of  average  distance,  its  apparent 
annual  motion  would  be  0*3392" ;   and  taking  the  average 


Digitized  by 


Google 


790  ASTRONOMY. 

parallax  of  such  a  star  at  0*209^,  if  d  express  the  semi-axu 
of  the  earth's  orbit,  the  annual  motion  of  the  sun  would  be 

l^  X  «>  =  1-^3  D. 
2090 

It  folio  .^  s,  therefore,  that  the  annual  motion  of  the  sun  wouM 
be 

1-623  X  95,000000  =  154,200000  miles ; 

and  the  doily  motion 

-L5.'^2000O0^  422000  maes; 

OOOf 

a  velocitj  equal  to  something  more  than  the  fourth  of  tBe 
earth's  orbital  motion. 

3368.  77ie  probable  centre  of  solar  motion,  —  The  motioa 
of  the  sun,  which  has  been  computed  in  what  precedes,  is  that 
which  it  had  at  a  particular  epoch.  No  account  is  taken  of 
the  possible  or  probable  changes  of  direction  of  such  motion. 
To  suppose  that  the  solar  system  should  move  continuously  in 
one  and  the  same  direction,  would  be  equivalent  to  the  suppo- 
sition that  no  body  or  collection  of  bodies  in  the  universe 
would  exercise  any  attraction  upon  it  It  is  obviously  more 
consistent  with  probability  and  analogy,  that  the  motion  of  the 
system  is  orbital^  that  is  to  say,  that  it  revolves  round  some  re- 
mote centre  of  attraction,  and  that  the  direction  of  its  motion 
must  continually  change,  although  such  change,  owing  to  the 
great  magnitude  of  its  orbit,  and  the  relative  slowness  of  its 
motion,  be  so  very  slow  as  to  be  quite  imperceptible  within 
even  the  longest  interval  over  which  astronomical  records 
extend. 

Attempts  have,  nevertheless,  been  made  to  determine  the 
centre  of  the  solar  motion ;  and  Dr.  Madler  has  thrown  out  i 
surmise  that  it  lies  at  a  point  in  or  near  the  small  constellation 
of  the  Pleiades. 

This  and  like  speculations  must,  however,  be  regarded  aa 
conjectural  for  the  present. 


Digitized  by 


Google 


FORM  OF  STARS  IN  THE  FIRMAMENT.  791 


CHAP.  XXVIIL 

THE    FORM    AND    DIMENSIONS    OF    THE    MASS    OF   STARS  WHICH 
COMPOSE   THE  VISIBLE   FIRMAMENT. 

3369.  Distribution  of  stars  on  the  firmament.  —  The  aspect 
of  the  firmament  might,  at  first,  impress  the  mind  of  an  ob- 
server with  the  idea  that  the  numerous  stars  scattered  over  it 
are  destitute  of  any  law  or  regularity  of  arrangement,  and  that 
their  distribution  is  like  the  fortuitous  position  which  objects 
casually  flung  upon  such  a  surface  might  be  imagined  to  as- 
sume. If,  however,  the  different  regions  of  the  heavens  be 
more  carefully  examined  and  compared,  this  first  impression 
will  be  corrected,  and  it  will,  on  the  contrary,  be  found  that 
the  distribution  of  the  stars  over  the  surface  of  the  celestial 
sphere  follows  a  distinct  and  well-defined  law ;  that  their 
density,  or  the  number  of  them  which  is  found  in  a  given 
ppace  of  the  heavens,  varies  regularly,  increasing  continually  in 
certain  directions  and  decreasing  in  others. 

Sir  W.  Herschel  submitted  the  heavens,  or  at  least  that  part 
of  them  which  is  observable  in  these  latitudes,  to  a  rigorous 
telescopic  survey,  counting  the  number  of  individual  stars 
visible  in  the  field  of  view  of  a  telescope  of  given  aperture, 
focal  length,  and  magnifying  power,  when  directed  to  different 
parts  of  the  firmament.  The  result  of  this  survey  proved  that, 
around  two  points  of  the  celestial  sphere  diametrically  opposed 
to  each  other,  the  stars  are  more  thinly  scattered  than  else- 
where ;  that  departing  from  these  points  in  any  direction,  the 
number  of  stars  included  in  the  field  of  view  of  the  same  tele- 
scope increases  first  slowly,  but  at  greater  distances  more 
rapidly;  that  this  increase  continues  until  the  telescope  re- 
ceives a  direction  at  right  angles  to  the  diameter  which  joins 
the  two  opposite  points  where  the  distribution  is  most  sparse  ; 
and  that  in  this  direction  the  stars  are  so  closely  crowded 
together  that  it  becomes,  in  some  cases,  impracticable  to  count 
them. 
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3370.  Galactic  circle  and  poles, — The  two  opposite  points 
of  the  celestial  sphere,  aroand  which  the  stars  are  observed  to 
be  most  sparse,  have  been  called  the  oajjlctic  polks  ;  and  the 
great  circle  at  right  angles  to  the  diameter  joining  these  points, 
has  been  denominated  the  galactic  circle. 

This  circle  intersects  the  celestial  equator  at  two  points, 
situate  10^  east  of  the  equinoxial  points,  and  is  inclined  to  the 
equator  at  an  angle  of  Gd"",  and,  therefore,  to  the  ecliptic  at  an 
angle  of  40®. 

In  referring  to  and  explaining  the  distribution  of  the  stars 
over  the  celestial  sphere,  it  will  be  convenient  to  refer  them  to 
this  circle  and  its  poles,  as,  for  other  purposes,  they  have  been 
referred  to  the  equator  and  its  poles.  We  shall,  therefore, 
express  the  distance  of  different  points  of  the  firmament  from 
the  galactic  circle,  in  either  hemisphere,  by  the  terms  north 

or  south  GALACTIC  LATITUDE. 

3371.  Variation  of  the  siellar  density  in  relation  to  this 
circle. —  The  elaborate  series  of  stellar  observations  in  the 
northern  hemisphere  made  during  a  great  part  of  his  life,  by  Sir 
W.  Herschel,  and  subsequently  extended  and  continued  in  the 
southern  hemisphere  by  Sir  J.  Herschel,  has  supplied  data  by 
which  the  law  of  the  distribution  of  the  stars,  according  to 
their  galactic  latitude,  has  been  ascertained  at  least  with  a  near 
approximation. 

The  great  celestial  survey  executed  by  these  eminent  ob- 
servers, was  conducted  upon  the  principle  explained  above. 
The  telescope  used  for  the  purpose  had  18  inches  aperture,  20 
feet  focal  length,  and  a  magnifying  power  of  180.  It  was 
directed  indiscriminately  to  every  point  of  the  celestial  sphere 
visible  in  the  latitude  of  the  places  of  observation. 

It  was  by  means  of  a  vast  number  of  distinct  observations 
thus  made,  that  the  position  of  the  galactic  poles  was  ascer- 
tained. The  density  of  the  stars,  measured  by  the  number 
included  in  each  "  gauge "  (as  the  field  of  view  was  called), 
was  nearly  the  same  for  the  same  galactic  latitude,  and  increased 
in  proceeding  from  the  galactic  pole,  very  slowly  at  first,  but 
with  great  rapidity  when  the  galactic  latitude  was  much 
diminished. 

3372.  Struve*s  anah/sii  of  HerscheVi  observations An 

analysis  of  the  observations  of  Sir  W.  Herschel^  in  the  north- 
ern hemisphere^  was  made  by  Professor  Struve,  with  the  view 
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of  determining  the  mean  density  of  tlie  stare  in  successive 
zones  of  galactic  latitude ;  and  a  like  analysis  has  been  made  of 
the  observations  of  Sir  J.  Herschel,  in  the  southern  hemispliere. 
If  we  imagine  the  celestial  sphere  resolved  into  a  succession 
of  zones,  each  measuring  15**  in  breadth,  and  bounded  by  parul* 
lels  to  the  galactic  circle,  the  average  number  of  stars  included 
within  a  circle,  whose  diameter  is  15',  and  whose  magnitude, 
therefore,  would  be  about  the  fourth  part  of  that  of  the  disk  of 
the  sun  or  moon,  will  be  that  which  is  given  in  the  second 
column  of  the  following  Table, 


Galactic  Latitude. 
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It  appears,  therefore,  tha 


Average  number 

of  Stare  in  a  circle  15' 

diameter. 

4-32 

5-42 

8-21 
13-61 
24-09 
53-43 
59-06 
26-29 
13-49 

9-08 

6-62 

6-05 


the  variation  of  the  density  of  the 
visible  stars  in  proceeding  from  the  galactic  plane,  either  north 
or  south,  is  subject  almost  exactly  to  the  same  law  of  decrease, 
the  density,  however,  at  each  latitude  being  somewhat  greater 
in  the  southern  than  in  the  northern  hemisphere. 

3373.  The  milky  way.  —  The  regions  of  the  heavens,  which 
extend  to  a  certain  distance  on  one  side  and  the  other  of 
the  galactic  plane,  are  generally  so  densely  covered  with 
small  stars,  as  to  present  to  the  naked  eye  the  appearance, 
not  of  stars  crowded  together,  but  of  whitish  nebulous  light. 
This  appearance  extends  over  a  vast  extent  of  the  celestial 
sphere,  deviating  in  some  places  from  the  exact  direction  of  the 
galactic  circle,  bifurcating  and  diverging  into  two  branches  at 
a  certain  point  which  afterwards  reunite,  and  at  other  places 

in.  .        HH 
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throwing  oat  off-shoots.  This  appearance  was  denominated  the 
ViaLacteOf  or  the  galaxy,*  bj  the  ancients^  and  it  has  retiined 
that  name» 

The  course  of  the  milky  way  may  be  so  much  more  easily  and 
clearly  followed  by  means  of  a  map  of  the  stars,  or  a  celestial 
globe,  upon  which  it  is  delineated,  that  it  will  be  needless  here 
to  describe  it* 

8374.  It  cotuuts  of  innumerable  siars  crowded  toffeiker.  -* 
When  this  nebulous  whiteness  is  submitted  to  telescopic  ex«* 
amination  with  instruments  of  adequate  power,  it  proves  to  be  a 
mass  of  countless  numbers  of  stars,  so  small  as  to  be  individually 
undistinguishable,  and  so  crowded  together  as  to  give  to  the 
place  they  occupy,  the  whitish  appearance  from  which  the  milky 
way  takes  its  nam^ 

Some  idea  may  be  fbrmed  of  the  enormous  number  of  stars 
which  are  crowded  together  in  those  parts  of  the  heavens,  by 
the  actual  numbers  so  distinctly  visible  as  to  admit  of  being 
counted  or  estimated,  which  are  stated  by  Sir  W.  Herschel  to 
have  been  seen  in  spaces  of  given,  extent.  He  states,  for  ex- 
ample, that  in  those  parts  of  the  milky  way  in  which  the  stars 
were  most  thinly  scattered,  he  sometimes  saw  eighty  stars  in 
each  field.  In  an  hour,  fifteen  degrees  of  the  firmament  were 
carried  before  his  telescope,  showing  successively  sixty  distinct 
fields.  Allowing  eighty  st^rs  for  each  of  the^  fields,  there  were 
thus  exhibited,  in  a  single  hour,  without  moving  the  telescope, 
four  thousand  eight  hundred  distinct  stars !  But  by  moving 
the  instrument  at  the  same  time  in  the  vertical  direction,  he 
found  that  in  a  space  of  the  firmament,  not  more  than  fifteen 
degrees  long,  by  four  broad,  he  saw  fifty  thousand  stars,  large 
enough  to  be  individually  visible  and  distinctly  counted !  The 
surprising  character  of  this  result  will  be  more  adequately  ap- 
preciated, if  it  is  remembered  that  this  number  of  stars  thus 
seen  in  the  space  of  the  heavens,  not  more  than  thirty  diameters 
of  the  moon's  disk  in  length  and  eight  in  breadth,  is  ^itj  times 
greater  than  all  the  stars  taken  together,  which  the  naked  eye 
can  perceive  at  any  one  time  in  the  heavens,  on  the  most  serene 
and  unclouded  night  I 

On  presenting  the  telescope  to  the  richer  portion  of  the  via 
lactetty  Herschel  found,  as  might  be  expected,   much  greater 

*  From  the  Greek  word,  ^jCao,  yJiXMcros^  milk. 
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numbers  of  stars.  la  a  angle  fidd  hef  Was  able  fo  c<)unt  589 
(tars;  and  for  fifteen  minutes,  the  firmament  being  moved  before 
his  telescope  hj  the  diurnal  motion,  no  diminution  of  number 
was  apparent,  so  that  he  estimated  that  in  that  space  of  time, 
116000  stars  must  have  passed  in  review  before  him  $  the 
number  seen  at  any  one  time  being  greater  than  can  be  seen  by 
the  naked  eye,  on  the  entire  firmament,  except  on  the  clearest 
nights. 

3375.  The  prohahle  form  of  the  stratum  of  stars  in  which 
the  sun  is  placed,  —  It  may  be  considered  as  established  by  a 
body  of  analogical  evidence,  having  all  the  force  of  demonstra- 
tion, that  the  fixed  stars  are  self-luminous  bodies,  similar  to 
our  sun ;  and  that  although  they  may  differ  more  or  less  from 
our  sun  and  from  each  other  in  magnitude  and  intrinsic  lustre, 
they  have  a* certain  average  magnitude ;  and  that,  therefore,  in 
the  main,  the  great  differences  which  are  apparent  in  their 
brightness,  is  to  be  ascribed  to  difference  of  distance.  Assum- 
ing, then,  that  they  are  separated  from  each  other  by  distances 
analogous  to  their  distances  from  the  sun,  itself  a  star,  the 
general  phenomena  which  have  been  described  above,  involv- 
ing the  rapid  increase  of  stellar  density  in  approaching  the 
galactic  plane,  combined  with  the  observed  form  of  the  milky 
way,  which,  following  the  galactic  plane  in  its  general  coursei 
departs  nevertheless  from  it  at  some  points,  bifurcates  resolv- 
ing itself  into  two  diverging  branches  at  others,  and  at  others 
throws  out  irregular  off-shoots,  conducted  Sir  W.  Herschel  to 
the  conclusion,  that  the  stars  of  our  firmament,  including  those 
which  the  telescope  renders  visible,  as  well  as  those  visible  to 
the  naked  eye,  instead  of  being  scattered  indifferently  in  all 
directions  around  the  solar  system  through  the  depths  of  the 
universe,  form  a  stratum  of  definite  form  and  dimensions,  of 
which  the  thickness  bears  a  very  small  proportion  tp  the  length 
and  breadth^  and  that  the  slin  and  solar  system  is  placed  within 
this  stratum,  very  near  its  point  of  bifurcation,  relatively  to  its 
breadth  near  its  middle  point,  and  relatively  to  its  thickness  (as 
would  appear  from  the  more  recent  observations)  nearer  to  its 
northern  than  to  its  southern  surface. 

Let  A  c  H  ^yfig^  873.  represent  a  rough  outline  of  a  section  of 
such  a  stratum,  made  by  a  plane  passing  through  or  near  its  centre. 
Let  A  B  represent  the  intersection  of  this  with  the  plane  of  the 
galactic  circle,  so  that,  z  being  the  place  of  the  solar  system,  z  o 
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wiU  be  the  direction  of  the  north,  and  z  d  that  of  the  sonth  galae* 
tic  pole.     Let  z  h  represent  the  two  branches  wliich  bilnrcate 


Fig.  878, 

from  the  chief  stratum  at  b.  Now,  if  we  imagine  visual  lines  to 
be  drawn  from  2r  in  all  directions,  it  will  be  apparent  that  those 
ZQ  and  zD,  which  are  directed  to  the  galactic  poles,  pass 
through  a  thinner  bed  of  stars  than  any  of  the  others ;  and 
since  z  is  supposed  to  be  nearer  to  the  northern  than  to  the 
southern  side  of  the  stratum,  z  c  will  pass  through  a  less  thick* 
ness  of  stars  than  z\>.  As  the  visual  lines  are  inclined  at 
greater  and  greater  angles  to  c  a,  their  length  rapidly  decreases, 
as  is  evident  bj  comparing  zk^  z^  and  z  f,  which  explains 
the  fact  that  while  the  stars  are  as  thick  as  powder  in  the  di- 
rection z  A,  they  become  less  so  in  the  direction  z  e,  and  still 
less  in  the  direction  z  F,  until  at  the  poles  in  the  directions  z  c 
and  z  D,  they  become  least  dense. 

On  the  other  side,  z  b  being  less  than  i;  a,  a  part  of  the  ga* 
lactic  circle  is  found  at  which  the  stars  are  more  thinly  scat- 
tered ;  but  in  two  directions,  z  h  intermediate  between  z  b  and 
the  galactic  poles,  they  again  become  nearly  as  dense  as  in  the 
direction  z  A« 

This  illustration  must,  however,  be  taken  in  a  very  general 
sense.  No  attempt  is  made  to  represent  the  various  off-shoots 
and  variations  of  length,  breadth,  and  depth  of  the  stratum  mea* 
sured  from  the  position  of  the  solar  system  within  it,  which 
have  been  indicated  by  the  telescopic  soundings  of  Sir  TV. 
Herschel  and  his  illustrious  son,  whose  wondrous  labours  have 
effected  what  promises  in  time,  by  the  persevering  researches 
of  their  successors,  to  become  a  complete  analysis  of  this  most 
marvellous  mass  of  systems.     Meanwhile  it  may  be  considered 
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as  demonstrated  that  it  consists  of  mjriads  of  stars  clustered 
together : 

<*  A  broad  and  ample  road,  whose  dost  is  gold, 
And  pavement  stars,  as  stars  to  us  appear  } 
Seen  in  the  galaxy  that  Milkj  Waj, 
Like  to  a  circling  zone  powder'd  idth  stars.**  —  Milton. 

The  appearance  which  this  mass  of  stars  would  present  if 
viewed  from  a  position  directly  above  its  general  plane,  and  at 
a  sufficient  distance  to  allow  its  entire  outline  to  be  discerned^ 
was  represented  by  Sir  William  Herschel  as  resembling  the 
starry  stratum  sketched  in  Plate  XXYL 

He  considered  that  it  was  probable  that  the  thickness  of  this 
bed  of  stars  was  equal  to  about  eighty  times  the  distance  of  the 
nearest  of  the  fixed  stars  from  our  system ;  and  supposing  our 
sun  to  be  near  the  middle  of  this  thickness,  it  would  follow  that 
the  stars  on  its  surface  in  a  direction  perpendicular  to  its 
general  plane  would  be  at  the  fortieth  order  of  distance  from 
us.  The  stars  placed  in  the  more  remote  edges  of  its  length 
and  breadth  he  estimated  to  be  in  some  places  at  the  nine- 
hundredth order  of  distance  from  us,  so  that  its  extreme 
length  may  be  said  to  be  in  round  numbers  about  2000  times 
the  distance  of  the  nearest  fixed  stars  from  our  system.  Such 
a  space  light  would  take  20000  years  to  move  over,  moving  all 
that  time  at  the  rate  of  nearly  200000  miles  between  every 
two  ticks  of  a  common  dock ! 


CHAP.  XXIX. 

STELLAR  CLUSTERS  AND  MEBULJE^ 

3376.  The  stars  which  form  the  firmament  a  stellar  cluster.  — 
Analogy  suggests  the  probable  existence  of  others. — It  appears, 
then,  that  our  sun  is  an  individual  star,  forming  only  a  single 
unit  in  a  cluster  or  mass  of  many  millions  of  other  similar 
stars;  that  this  cluster  has  limited  dimensions,  has  ascer- 
tainable length,  breadth,  and  thickness,  and  in  short,  forms 
what  may  be  expressed  by  a  universe  of  solar  systems.  The 
inindi  still  unsatisfied,  is  as  urgent  as  before  in  its  questions 
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regarding  tb«  rtmaindtr  qf  immennty'I  HoweTtr  vast  the 
dimensions  of  this  mass  of  suns  be,  they  are  nevertbeless  finite 
However  stopendous  be  the  space  ini^ded  within  them,  it  is 
still  nothing  compared  to  the  immensity  which  lies  outside! 
Is  that  immensity  a  vast  solitude?  Are  its  unexplored  realms 
dark  and  silent  ?  Has  Omnipotence  circumscribed  its  agencr, 
and  has  Infinite  Beneficence  le(^  those  unfathomed  regions  de- 
stitute  of  evidence  of  His  power  ? 

That  the  infinitude  of  space  should  exist  without  a  purpose, 
unoocupied  by  any  works  of  creation,  is  plunly  incompatible 
with  all  our  notions  of  the  character  and  attributes  of  the 
Author  of  the  universe,  whether  derived  from  the  voice  of  re- 
velation or  from  the  light  of  nature*  We  should  therefore 
infer,  even  in  the  absence  of  direct  evidence,  that  some  works 
of  creation  are  dispersed  through  those  spaces  which  lie  beyond 
the  linuts  of  that  vast  stellar  cluster  in  which  our  system  is 
placed.  Nay,  we  should  be  led  by  the  most  obvious  analogia 
to  conjecture  that  other  stellar  clusters  like  our  own,  are  dis- 
pei-sed  through  immensity,  separated  probably  by  distances  as 
much  greater  than  those  which  intervene  between  star  and  star, 
as  the  latter  are  greater  than  those  which  separate  the  bodies 
of  the  solar  system.  But  if  such  distant  clusters  existed,  it 
may  be  objected,  that  they  must  be  visible  to  us ;  that  although 
diminished,  perhaps,  to  mere  spots  on  the  firmament,  thej 
would  still  be  rendered  apparent,  were  it  only  as  confused 
whitish  patches,  by  the  telescope;  that  as  the  stars  of  the 
milky  way  assume  to  the  naked  eye  the  appearance  of  mere 
whitish  nebulosity,  so  the  far  m<Mre  distant  stars  of  other  dus- 
ters, which  cannot  be  perceived  at  all  by  the  naked  eye, 
would,  to  telescopes  of  adequate  power,  present  the  same 
whitiiih  nebulous  appearance ;  and  that  we  might  look  forward 
without  despair,  to  such  augmentation  of  the  powers  of  the  tele- 
scope as  may  even  enable  us  to  perceive  them  to  be  actual 
xlusters  of  stars. 

33^7.  Sttch  clusters  of  stars  innumerable.  —  Such  anticipa- 
tions have  accordingly  been  realised.  In  various  parts  of  the 
•firmament  objects  are  seen  which,  to  the  naked  eye,  appear  like 
stars  seen  through  a  mist,  and  sometimes  as  nebulous  specks^ 
which  might  be,  and  not  infrequently  are,  mistaken  for  comets. 
:  With  ordinary  telescopes  these  objects  are  visible  in  very  coi^ 
siderable  numbers,  and  were  observed  nearly  a  century  aga 
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In  the  Cannoissance  de$  Temps^  for  1784,  Messier^  tlien  so 
celebrated  for  his  observations  on  comets,  published  a  catalogue 
of  103  objects  of  this  class,  of  many  of  which  he  gave  draw- 
ings, with  which  all  observers  who  search  for  comets  ought  to 
b6  familiar,  to  avoid  being  misled  by  their  resemblance  to  them« 
The  improved  powers  of  the  telescope  speedily  disclosed  to 
astronomers  the  nature  of  these  objects,  which,  when  examined 
by  sufficient  magnifying  powers,  prove  to  be  masses  of  stars 
clustered  together  in  a  manner  identical  with  that  cluster  in 
which  our  sun  is  placed*  They  appear  as  they  do>  mere  specks 
of  whitish  light,  because  of  their  enormous  distance. 

3378.  DistrUmHon  of  clusters  and  nebula  on  the  Armament. 
—These  objects  are  not  dispersed  fortuitously  and  indifferently 
on  all  parts  of  the  heavens.  They  are  wholly  absent  from  some 
regions,  in  some  rarely  found,  and  crowded  in  amazing  pro* 
fusion  in  others.  Their  disposition,  however,  is  not  like  that  of 
the  stars  in  general,  determined  by  a  great  circle  of  the  sphere 
and  its  poles.  It  was  supposed  that  they  showed  a  tendency 
to  crowd  towards  a  zone  at  right  angles  to  the  galactic  circle, 
but  a  careful  comparison  of  their  position  does  not  confirm  this. 
According  to  Sirs  W.  and  J.  Herschel,  the  nebuls  prevail  most 
around  the  following  parts  of  the  celestial  sphere  :-^ 

1  The  North  Galactic  Polo.         6  Coma  BerenicL 

2  Leo  major.  7  Bootes  (precedingljr). 

3  Leo  minor.  8  Virgo  (head,  wings  and  shoulder), 

4  Ursa  major. 

5  Canes  YenaticL 

The  parts  of  the  heavens,  on  the  other  hand,  where  they  are 
found  in  the  smallest  numbers,  are  :— 

1  Aries.  7  Draca 

2  Taams.  8  Hercnies. 

3  Orion  (head  and  shoulders).      9  Serpentarius  (oorthem  part). 

4  Auriga.  10  Serpens  (tail). 

5  Perseus.  11  Aquila  (tail). 

6  Camdopardus.  12  Lyra, 

In  the  southern  hemisphere  their  distribution  is  more  uniform. 

8379.  Constitution  of  the  clusters  and  nebula, — What  those 

objects  are,  and  of  what  they  severally  consist,  admits  of  no  i-ea* 

Bonable  doubt    So  far  as  relates  to  the  stellar  dusters^  their 
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constituent  parts  are  visible.  They  are,  as  their  name  imports, 
masses  of  stars  collected  together  at  certain  points  in  the 
regions  of  space  which  stretch  beyond  the  limits  of  oar  own 
cluster,  and  are  by  distance  so  reduced  in  their  visual  magni- 
tude  that  an  entire  cluster  will  appear  to  the  naked  eye,  if  it 
be  visible  at  all,  as  a  single  star,  and  when  seen  with  the  tele- 
scope will  be  included  within  the  limit  of  a  single  fieid  of  view. 

Diflerent  clusters  exhibit  their  component  stars  seen  with  the 
same  magnifying  power  more  or  less  distinctly.  This  may  be 
explained  either  by  difference  of  distance,  or  by  the  supposition 
that  they  may  consist  of  stars  of  different  real  magnitudes,  and 
crowded  more  or  less  closely  together.  The  former  supposition 
is,  however,  by  far  the  more  natural  and  probable. 

The  appearance  of  the  stars  composing  some  of  the  clusters 
is  quite  gorgeous.  Sir  J.  Herschel  says,  that  the  cluster 
which  surrounds  k  Crucis  in  the  southern  hemisphere,  occupies 
the  48th  part  of  a  square  degree,  or  about  the  tenth  part  of  the 
superficial  magnitude  of  the  moon's  disk,  and  consists  of  about 
ilO  stars  from  the  7th  magnitude  downwards,  eight  of  the 
more  conspicuous  stars  being  coloured  with  various  tints  of  red, 
green,  and  blue,  so  as  to  give  to  the  whole  the  appearance  of  a 
rich  piece  of  jewellery. 

Cluster  compared  with  cluster  show  all  gradations  of  small- 
ness  and  closeness  of  the  component  stars,  until  they  assume 
the  appearance  of  patches  of  starry  powder.  These  varieties 
are  most  obviously  ascribable  to  varying  distances. 

Then  follow  those  patches  of  starry  light  which  are  seen  in  so 
inany  regions  of  the  heavens,  and  which  have  been  denominated 
nebulas,  lliat  these  are  still  clusters,  of  which  the  component 
stars  are  indistinguishable  by  reason  of  their  remoteness,  there 
are  the  strongest  evidence  and  most  striking  analogies  to 
prove.  Every  augmentation  of  power  and  improvement  of 
efficiency  the  telescope  receives,  augments  the  number  of 
nebulffi  which  are  converted  by  that  instrument  into  clusters. 
Nebulffl  which  were  irresolvable  before  the  time  of  Sir  W. 
Herschel,  yielded  in  large  numbers  to  the  powers  of  the  instru- 
ments which  that  observer  brought  to  bear  upon  them.  The 
labours  of  Sir  J.  Herschel,  the  colossal  telescopes  constructed 
by  Lord  Rosse,  and  the  erection  of  observatories  in  multiplied 
numbers  in  climates  and  under  skies  more  favourable  to  ob^ 
servation,  have  all  tended  to  augment  the  number  of  nebulaoi 
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which  have  been  resolved,  and  it  may  be  expected  that  thi^ 
progress  will  continue,  the  resolution  of  these  objects  into  stellar 
clusters  being  co-extensive  with  the  improved  powers  of  the 
telescope  and  the  increased  number  and  zeal  of  observers. 

3380.  Nebular  hypothesis. — A  theory  was  put  forward  to 
explain  these  objects,  based  upon  views  not  in  accordance  with 
what  has  just  been  related.  It  was  assumed  hypothetically  that 
the  nebulous  matter  was  a  sort  of  luminous  fluid  diffused 
through  different  parts  of  the  universe ;  that  by  its  aggregation 
on  certain  laws  of  attraction  solid  luminous  masses  in  process  of 
time  were  produced,  and  that  these  nebuliB  grew  into  clusters. 

It  would  not  be  compatible  with  the  limits  of  this  work, 
and  the  objects  to  which  it  is  directed,  to  pursue  this  speculation 
through  its  consequences,  to  state  the  arguments  by  which  it  is 
supported  and  opposed ;  and  it  is  the  less  necessary  to  do  so, 
seeing  that  such  an  hypothesis  is  not  needed  to  explain  appear- 
ances which  are  so  much  more  obviously  and  simply  explicable 
by  the  admission  of  a  gradation  of  distances. 

3381.  Forms  apparent  and  real  of  the  clusters.  —  The  ap- 
parent forms  of  these  objects  are  extremely  various,  and  subject 
to  most  extraordinary  and  unexpected  changes,  according  to 
the  magnifying  power  under  which  they  are  viewed.  This 
ought,  however,  to  excite  no  surprise.  The  telescope  is  an  ex- 
pedient by  which  a  well-defined  and  strongly  illuminated  optical 
image  of  a  distant  object  is  formed  so  dose  to  the  observer,  that 
he  is  enabled  to  view  it  with  microscopes  of  greater  or  less 
power,  according  to  the  perfection  of  its  definition,  and  the  in- 
tensity of  its  iUumination.  Now,  it  is  known  to  all  who  are 
familiar  with  the  use  of  the  microscope,  that  the  apparent  form 
and  structure  of  an  object  change  in  the  most  remarkable 
and  unexpected  way  when  viewed  with  different  microscopic 
powers.  The  blood,  for  example,  which  viewed  with  the  naked 
eye,  or  with  low  powers,  is  a  uniformly  red  fiuid,  appears  as 
a  pellucid  liquid,  having  small  red  disks  floating  in  it,  when 
seen  with  higher  powers  (46.).  Like  effects  are  manifested  in 
the  cases  of  the  nebulae,  when  submitted  to  examination  with 
different  and  increasing  magnifying  powers,  of  which  we  shall 
presently  show  many  striking  examples. 

The  apparent  forms  of  the  stellar  clusters  are  generally 
roundish  or  irregular  patches.  The  stars  which  compose  them 
are  always  much  more  densely  crowded  together,  in  going  from 
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the  edges  of  the  cluster  towards  the  centre,  so  that  at  tfaie  centre 
thej  exhibit  a  perfect  blaze  of  h'ght. 

The  apparent  form  is  that  of  a  section  of  the  real  form,  made 
by  a  pkne  at  right  angles  to  the  vbaal  raj.  If  thB  mass  had 
a  motion  of  rotation,  or  any  other  motion  bj  which  it  would 
change  this  plane,  so  as  to  exhibit  to  the  eje  successively  diffe- 
rent sections  of  it,  its  real  form  could  be  inferred  as  those  of 
the  planets  have  been.  But  there  are  no  discoverable  indica- 
tions of  any  such  motion  in  these  objects*  Their  real  forms, 
therefore,  can  only  be  conjectured  from  comparing  their  appa- 
rent forms  with  their  structural  appearance* 

The  clusters  having  round  apparent  forms,  and  of  which  the 
stars  are  rapidly  more  dense  towards  the  centres,  are  inferred 
to  be  either  globular  or  spheroidal  masses  of  stars,  the  greater 
apparent  density  in  passing  from  the  edges  to  the  centre  being 
explained  by  the  greater  thickness  of  the  mass,  in  the  direction 
of  the  visual  line.  Clusters  of  irregular  outline  which  show 
also  a  density  increasing  inwards,  are  also  inferred,  for  like 
reasons,  to  be  masses  of  stars,  whose  dimensions  in  the  direction 
of  the  visual  rays  correspond  with  their  dimensions  in  the 
direction  at  right  angles  to  those  rays< 

3382.  Forms  apparent  and  real  cf  the  nthtdm* — These 
objects  exhibit  forms  much  more  various  than  those  presented 
by  the  clusters.  Some  are  circukr,  with  more  or  less  precision 
of  outline.  Some  are  elliptical,  the  oval  outline  having  de- 
grees of  excentriciry  infinitely  various,  from  one  which  scarcely 
differs  from  a  circle,  to  one  which  is  compressed  into  a  form 
not  sensibly  different  from  a  straight  line«  In  short,  the  minor 
axis  of  the  ellipses  bears  all  proportions  to  the  major  axis,  until 
it  becomes  a  vei-y  small  fraction  of  the  latter. 

To  infer  the  real  from  the  apparent  forms  of  these  objects 
with  any  certainty,  there  are  no  sufficient  data.  But  in  the 
cases  in  which  the  brightness  increases  rapidly  towards  the 
centre,  which  it  very  generally  does,  it  may  be  probably  con- 
jectured that  their  forms  are  globular  or  spheroidal,  for  the 
reasons  already  explained  in  relation  to  the  clusters,  and  this 
becomes  the  more  probable  when  it  is  considered,  that  these 
nebulae  are  in  fact  clusters,  the  stars  of  which  are  reduced  to  a 
nebulous  patch  by  distance^ 

Nevertheless,  these  nebulae  may  be  strata  of  stars,  of  which 
the  thickness  is  small  compared  with  their  other  dimenstons  \ 
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add  supposing  their  real  outline  to  be  circular,  they  Will  appear 
elliptic^  if  the  plane  of  the  stratum  be  inclined  to  the  visual 
line,  and  more  or  less  excentricallj  elliptical^  according  as  the 
angle  of  inclination  is  more  or  less  acute.  In  cases  in  which 
the  brightness  does  not  increase  in  a  striking  degree  from  the 
edges  inwards,  this  form  is  more  probable  than  the  globular  or 
the  spheroidal. 

Nebulfld  may  be  convenientlj  classed  according  to  their  ap« 
parent  form  and  structure ;  but  whatever  arrangement  may  be 
adopted,  these  objects  exhibit  such  varieties,  assume  such  capri- 
cious and  irregular  forms,  and  undergo  such  strange  and  un- 
expected changes  of  appearance  according  to  the  increasing 
power  of  the  telescope  with  which  thej  are  viewed,  that  it  will 
always  be  found  that  great  numbers  of  them  will  remain  un- 
avoidably unclassified. 

3383.  Double  nebulee, — ^Like  individual  stars,  nebul»  are 
found  to  be  combined  in  pairs  too  frequently  to  be  compati- 
ble with  the  supposition  that  such  combinations  arise  from  the 
fortuitous  results  of  the  small  obliquity  of  the  visual  rays,  which 
causes  mere  optical  juxta 'position. 

These  double  nebulaa  are  generally  circular  in  their  apparent, 
and  therefore  probably  globular  in  their  real  form.  In  some 
cases  they  are  resolvable  clusters. 

That  such  pairs  of  clusters  are  physically  connected  does  not 
admit  of  a  reasonable  doubt,  and  it  is  highly  probable  that,  like 
the  binary  stars,  they  move  round  each  other,  or  round  a  common 
centre  of  attraction,  although  the  apparent  motion  attending 
such  revolution  is  rendered  so  slow  by  their  immense  distance 
that  it  can  only  be  ascertained  after  the  lapse  of  ages. 

3384.  Planetary  nebulte, — This  class  of  objects  derive  their 
name  from  their  close  resemblance  to  planetary  disks.  They 
are  in  general  either  circular  or  very  slightly  oval.  In  some 
cases  the  disk  is  sharply  defined,  in  others  it  is  hazy  and  nebu- 
lous at  the  edges.  In  some  the  disk  shows  a  uniform  surface, 
and  in  some  it  has  an  appearance  which  Sir  J.  Herschel  describes 
by  the  term  curdled. 

There  is  no  reason  to  doubt  that  the  constitution  of  these 
objects  is  the  same  as  that  of  other  nebuke,  and  that  they  are 
in  fact  clusters  of  stars  which  by  mutual  proximity  and  vast 
distance,  are  reduced  to  the  form  of  planetary  disks. 
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These  object^  which  are  not  nmnerous,  present  some  remark* 
able  peculiarities  of  appearance  and  colour.  It  has  been  alreadj 
obsenred  that,  although  the  companion  of  a  red  individual  of  a 
doable  star  appears  blue  or  green,  it  is  not  certain  that  this  is 
its  real  colour,  the  optical  effect  of  the  strong  red  of  ite  near 
neighbour  being  such  as  would  render  a  white  star  apparently 
blue  or  green,  and  no  example  of  any  single  bine  or  green  star 
has  ever  been  witnessed.  The  planetary  nebulse,  however,  pre- 
sent some  very  remarkable  examples  of  these  colours.  Sir  J. 
Herschel  indicates  a  beautiful  instance  of  this,  in  a  planetary 
nebula  situate  in  the  southern  constellation  of  the  Cross.  The 
apparent  diameter  is  12^^  and  the  disk  is  nearly  circular,  with 
a  well-defined  outline,  and  a  ^  fine  and  full  blue  colour  verging 
somewhat  upon  green.**  Several  other  planetary  nebulse  are  of 
a  like  colour,  but  more  faint. 

1'he  magnitudes  of  these  stupendous  masses  of  stars  may  be 
conjectured  from  their  probable  distances.  One  of  the  largest, 
and  therefore  probably  the  nearest  of  them,  is  situate  near  the 
star  P  Ursas  migoris  (one  of  the  pointers).  Its  apparent  dia- 
meter is  2'  40".  Now,  if  this  were  only  at  the  distance  of  61 
Cjgni,  whose  parallax  is  known  (2603.),  it  would  have  a  diame- 
ter equal  to  seven  times  that  of  the  extreme  limit  of  the  solar 
system ;  but  as  it  is  certain  that  its  distance  must  be  many  times 
greater,  it  may  be  conceived  that  its  dimensions  must  be  enor- 
mous. 

3385.  Annular  nebula.  —  A  very  few  of  the  nebulae  hare 
been  observed  to  be  annular.  Until  lately  there  were  only  four. 
The  telescopes  of  Lord  Bosse  have,  however,  added  &ve  to  the 
number,  by  showing  that  certain  nebulae  formerly  supposed 
to  be  small  round  patches  are  really  annular.  It  is  extremely 
probable,  that  many  others  of  the  smaller  cbss  of  round  nebulae 
will  prove  to  be  annular,  when  submitted  to  further  examination 
with  telescopes  of  adequate  power  and  efficiency, 

3386.  Spiral  nebula,  —  The  discovery  of  this  class  of  ob- 
jects, the  most  extraordinary  and  unexpected  which  modem 
research  has  yet  disclosed  in  stellar  astronomy,  is  due  to  Lord 
Rosse.  Their  general  form  and  character  may  be  conceived  by 
referring  to  those  represented  in  Plate  XXIL  fys,  1  and 
3,  and  Plate  XXIII.  ^.  1.  These  extraordinary  forms  are 
so  entirely  removed  from  all  analogy  with  any  of  the  phe- 
nomena presented  either  in  the  motions  of  the  solar  system. 
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or  the  comets,  or  those  of  any  other  objects  to  which  ob- 
servation has  been  directed,  that  all  conjecture  as  to  the 
physical  condition  of  the  masses  of  stars  which  could  assume 
such  forms  would  be  vain.  The  number  of  instances  as 
yet  detected,  in  which  this  form  prevails,  is  not  great;  but 
it  is  sufficient  to  prove  that  the  phenomenon,  whatever  be 
its  cause,  is  the  result  of  the  operation  of  some  general 
law.  It  is  pretty  certain,  that  when  the  same  powerful  instru- 
ments which  have  rendered  these  forms  visible  in  objects  which 
had  already  been  so  long  under  the  scrutiny  of  the  most  eminent 
observers  of  the  last  hundred  years,  including  Sir  W.  and  Sir  J. 
Herschel,  aided  by  the  vast  telescopic  powers  at  their  disposi- 
tion, without  raising  even  a  suspicion  of  their  real  form  and 
structure,  have  been  applied  to  other  nebulae,  other  cases 
of  the  same  phenomenon  will  be  brought  to  light.  In  this 
point  of  view  it  is  much  to  be  regretted,  that  the  telescopes  of 
Liord  Bosse  cannot  have  the  great  advantage  of  being  used 
under  skies  more  favourable  to  stellar  researches,  since  the  dis- 
covery of  such  forms  as  these  not  only  requires  instruments  of 
such  power  as  Lord  Rosse  alone  possesses  at  present,  but  also 
the  most  favourable  atmospheric  conditions. 

3387.  Number  of  nebula,  —  The  number  of  these  objects  is 
countless.  The  catalogues  of  Sir  J,  Herschel  contain  above 
4000,  of  which  the  places  are  assigned,  and  the  magnitudes, 
forms,  and  apparent  characters  described.  As  observers  are 
multiplied,  and  the  telescope  improved,  and  especially  when  the 
means  of  observation  have  been  extended  to  places  that  are 
more  favourable  for  such  observations,  it  may  be  expected 
that  the  number  observed  will  be  indefinitely  augmented. 

3388.  Remarkable  nebuhs.  —  Having  noticed  thus  briefly 
the  characters  and  appearances  of  the  principal  classes  of  these 
objects,  it  will  be  useful  to  illustrate  these  general  observations 
by  reference  to  examples  of  nebulae  and  clusters  of  each  class, 
assigning  the  position  of  each  by  its  right  ascension  and  north 
polar  distance,  and  supplying,  wherever  it  can  be  done  on  satis- 
factory authority,  a  telescopic  view  of  such  object.  In  the 
selection  of  these  examples,  it  will  be  one  of  our  chief  purposes 
to  show  the  extraordinary  differences  of  form  and  structure, 
which  the  same  object  presents  when  viewed  with  telescopes  of 
different  powers.  The  drawings  of  the  same  nebulae,  which 
have  appeared  in  the   Philosophical   Transactions  by  Sir  J, 
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Hencbel  and  the  Etrl  of  Boase,  sopplj  niioieroiis  and  iftB(nse» 
tire  axamples  of  this. 

FUte  XX.  fig,  ».  a  a  15*  »-  9-.  h  p  d  33°  87'.  BiasMster,  9*  x  jl— 
Drawn  by  Sir  J.  Henchel,  who  describes  it  as  a  fiunt  large  toond  nebnls, 
which,  hj  attentive  examination,  may  be  seen  to  be  ootnpoaed  of  exees- 
sinelj  minnte  stars,  appearing  like  pcHnts  nibbed  oat.  It  is,  ia  ftct,  a 
globular  cluster. 

Plate  XXL  fig,  t.  a  a  21*  24-  40«.  a  p  d  91^  34'.  Dbaieter,  6»  a  A. 
—Drawn  by  Sir  J.  Herschel,  who  describes  it  as  a  most  siqierb  cinsler  U 
stars  of  the  I5th  magnitnde,  compressed  towards  the  centre  to  a  ptstbA 
blase.  It  resembles  a  mass  of  fine  himinons  sand.  It  is  reeolTable  wiA  a 
six-inch  spertnre.  The  stars  jost  visible  with  a  lUBe-in^  apatme 
(reflector). 

Plate  XXL  fig,  1.— The  same  object  as  shown  by  the  larger  MfWfl^  of 
the  Earl  of  Bossa  Lord  tlosse  thinks  that  no  increased  power  ii  fSktS^  to 
alter  materially  its  appearance.  It  would  merely  rendor  tlie  »^npr^^ 
stars  brighter  and  less  dosely  crowded. 

Plate  XXL  fig,  A.  a  A  5*  24-  16*.  v  p  i>,  GS^'  V.  Leogth  A\  toadd 
3',  oval  form. — A  fine  object    (Sir  J.  Herschel) 

Plate  XXL  fig,  3. — The  same  6bjcct  as  ibown  by  LcMrd  Boese^  1 
A  considerable  change  of  appearance  Is  here  produced  by  inc 
the  oval  resolvable  nebula  being  changed  into  what  the  drawii^  \ 
It  is  studded  with  stars  mixed  with  a  nebulosity,  which  a  still  ] 
wonld  evidently  resolve  into  stars. 

Plate  XXU.  fig.  2.  &  a  13^  32»!39«.  a  p  d  41<'  56'.~This  is,  fa  mmf 
respects,  one  of  the  most  remarkable  and  interesting  of  its  dau^  aaAk^ 
been  submitted  to  elaborate  cxaminatioi^by  all  the  eminent  obserrcn.  The 
distance  of  the  centre  of  the  small  ^bula  from  that  of  the  laz^ge  '^rm^  is 
given  by  Messier,  as  A'  35^^,  which  may  serve  as  a  modtJua  ibr  its  oAer 
4ipiensions.  It  was  described  by  Sir  W.  Herschel  as  a  bright  rotmd  abbols, 
surrounded  by  a  halo  or  glory,  and  attended  by  a  companloii.  8ir  J. 
Herschel  observed  this  object,  and  represented  it  as  in  the  figure.  He  aodeed 
the  partial  division  of  the  ring  as  if  it  were  split,  as  its  most  remarkabiD  and 
interesting  feature,  and  inferred  that,  supposing  it  to  consist  of  stars»  flie  ap- 
pearance it  would  present  to  an  observer,  placed  on  a  planet  attached  to  oae 
of  them  excentrically  situate  towards  the  north  preceding  quarter  €/f  iStte 
central  mass,  woidd  be  exactly  similar  to  that  of  the  milky  way  as  seen  ftw 
the  earth,  traversing  in  a  manner  precisely  similar  the  firmament  of  tege 
stars,  into  which  the  central  cluster  would  be  seen  projected,  and  (orwing  to 
its  g^reater  distance)  appearing  like  it  to  consist  of  stars  much  smaller  than 
those  in  other  parts  of  the  heavens.  "  Can  it  be,  *•  asks  Sir  J.  Herschd 
**  that  we  have  here  a  brother  system,  bearing  a  real  physical  resemblance 
and  strong  analogy  of  structure  to  our  own  ?  "  Sir  J.  Herschel  further 
argues,  that  all  idea  of  symmetry  caused  by  rotation  must  be  relinqoislied, 
considering  that  the  elliptical  form  of  the  inner  subdivided  portion  indic^es 
with  extreme  probability,  an  elevation  of  that  part  above  the  plane  of  the 
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rest;  bo  ihat'the  real  form  most  be  that  of  a  ring  iplit  through  half  its 
circumference,  and  haying  the  split  portions  set  asunder  at  an  angle  of  45^. 

Hate  XXn.  fig,  1. — The  same  object  as  shown  bjr  Lord  Rosse's  telescope^ 
This  shows,  in  a  striking  manner,  how  entirelj  the  appearances  of  these 
objects  are  liable  to  be  varied  bj  the  increased  magnifTing  power  and 
gpreater  efficiency  of  the  telescope  through  which  they  are  viewed.  It  is 
evid^t,  that  very  little  resemblance  or  analogy  is  discoverable  between 
fig,  2.  and^.  1.  Lord  Rosk,  however,  gays  that  if  Sir  John  HerscheTs 
be  placed  as  it  would  be  seen  with  a  Newtonian  telescope,  the  bright  convo- 
lutions of  the  spiral  shown  in  his  own  would  be  recognised  in  the  appear- 
ance which  Sir  J.  Herschel  supposed  to  be  that  which  would  be  produced 
by  a  split  or  divided  ring.  Lord  Rosse  further  observes  that,  with  each 
increase  of  optical  power,  the  structure  of  this  object  becomes  more  compli- 
<:ated  and  more  unlike  anything  which  could  be  supposed  to  be  the  result 
of  any  form  of  dynamical  law  of  which  we  find  a  counterpart  in  our 
system.  The  connection  of  the  companion  with  the  principal  nebula,  of 
which  there  is  not  the  least  doubt,  and  which  is  represented  in  the  sketch, 
adds,  in  Lord  Rosse's  opinion,  if  possible,  to  the  difficulty  of  fomdng  any 
conceivable  hypothesis.  That  such  a  system  should  exist  without  internal 
movement  he  considers  m  the  last  degree  improbable.  Our  conception  may 
be  aided,  by  uniting  with  the  idea  of  motion  the  effects  of  a  resisting  me- 
dium ;  but  it  is  impossible  to  imagine  such  a  system  in  any  point  of  view,  as 
a  case  of  mere  statical  equilibrium.  Measurements  he  therefore  considers  of 
the  highest  interest,  but  of  great  difficulty. 

Plate  XXIII.  fig.  1. — This  object  is  the  99th  in  Messier*s  catalogue.  The 
spiral  form  of  the  nebula,  represented  in  Plate  XXIL^.  1.,  was  discovered 
by  Lord  Rosse,  in  the  early  part  of  1845.  In  the  spring  of  1846,  that 
represented  in  the  present  figure  was  discovered.  The  spiral  form  is  here 
•bo  presented,  but  of  a  different  character.  Lord  Kosse  conjectures,  that 
the  nebula  No.  2370,  and  3239  of  Herschel's  southern  catalogue,  are  vtry 
probably  objects  of  a  similf^:  character.  As  Herschel's  telescope  did  not 
reveal  any  trace  of  the  fomf  of  this  nebula,  it  is  nut  surprising  that  it  did 
not  disclose  the  spiral  forA  firesumed  to  belong  to  the  others,  and  it  is  not, 
therefore,  unreasonable  to  hope,  according  to  his  Lordship,  that  whenever 
the  southern  hemisi^ere  shall  be  re-examined  with  instruments  of  greater 
power,  these  two  remarkable  nebuUo  will  yield  some  interesting  results. 

Lord  Rosse  has  discovered  other  spiral  nebulae,  but  they  are  comparatively 
difficult  to  be  seen,  and  the  greatest  powers  of  the  instrument  are  required 
to  bring  out  the  details. 

Plate  XXIL  fig,  6.  a  A  9^  22-  32-.  n  p  D  67®  45'.  Length,  S*.— This 
is  described  by  Sir  John  Herschel  as  a  very  bright  extended  nebula,  with 
an  approach  to  a  second  nucleus,  which,  however,  is  very  faint 

Phite  XXII.  fig,  3.-— The  same  object  as  shown  by  Lord  Rosse^s  telescope. 
This  object  was  first  observed  with  the  great  telescope,  24th  March,  1846, 
when  a  tendency  to  an  annular  or  spiral  form  was  discovered.  On  tlie  9th 
March,  1848,  in  more  favourable  weather,  the  spiral  form  was  distinctly 
seen  in  an  oblique  dhrection.  The  nebula  was  well  resolved,  particularly 
towards  the  centre,  where  it  was  very  bright. 
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PUtc  XXIL  fig.  4.  BA  M*  56-  26*.  hpd  78^  86'.  Length,  r.  braidtli, 
8(r. —  Detcribed  bj  Sir  John  Henchel  «a  prettj  bright  and  resolrafale. 
And  extended  between  two.  tmall  stars,  baring  two  Teiy  small  stars  TisiUe 
in  it 

Plate  XXn.  fig,  5. — The  same  object  as  seen  in  Lord  Bosse's  telescope. 
It  was  fineqoentlj  observed,  both  bj  Lord  Rosse  himself  and  seTeral  of  his 
friends,  and  the  drawing  represents  the  form  with  great  accnracj.  It  was 
donbtfol  whether  the  form  was  strictly  spiral,  or  whether  it  were  not  more 
properljT  annular. 

Plate  XXIIL  fig,  8.  ba  l^  24-  15*.  xpd  60^  81'.  Dimensioos  uncer- 
tain, bnt  the  diflfosed  nebohe  estimated  as  extending  through  15'. — This 
object  has  been  the  subject  of  obserration  bj  all  the  eminent  observen. 
Sir  John  Herschel  describes  it  as  enormously  large,  growing  reiy  grada- 
alljT  brighter  towards  the  middle,  and  having  a  star  of  the  12th  magni- 
tude, north,  following  the  nucleus,  and  being  characterised  \fj  irr^olarities 
of  light,  and  eyen  by  feeble  subordinate  nuclei  and  manjr  small  stan;. 
The  drawing  represents  it  as  seen  with  the  more  powerful  telescope  of 
Lord  Rosse.  A  tendency  to  a  spiral  form  was  distinctly  seen  on  the  6ih, 
10th,  snd  16th  September,  1849.  The  brightest  of  the  spiral  arms  was  that 
marked  a,  that  marked  8  was  pretty  bright,  but  short ;  3  was  distinct,  and  ^ 
only  suspected  ;  the  branch  7  was  faint  The  whole  object  was  iuToIved  in 
a  faint  nebulosity,  which  probably  extends  past  several  knots  which  lie  about 
it  in  different  directions. 

Plate  XXIL  ^.  8,  ka  7^4-50-.  npd  60®  11',— This  is  described 
by  Sir  John  Herschel  as  a  curious  bright  double  or  an  elongated  bkentral 
nebula. 

Plate  XXTI.  fig.  7.  —  The  same  object  as  shown  by  Lord  Bo6se*8  tele- 
scope, on  22nd  December,  1848.  A  bright  star  was  visible  between  the 
nebulie  from  which  tails  and  curved  filaments  issued.  The  existence  of  aii 
annulus  surrounding  the  two  nebulss  was  suspected. 

Plate  XXIIL  y^.  14.  ka11*10-2-.  wpd  75^59'.  Length  4',— 
Described  by  Sir  John  Herschel,  as  large,  elliptical  in  form,  with  a  round 
nucleus,  and  growing  gradually  brighter  towards  the  middle. 

Hate  XXIIL  fig.  3. — The  same  object  as  shown  by  Lord  Rosse's  tele- 
scope, 31st  March  1848.  Described  as  a  curious  nebula,  nucleus  resolv- 
able, having  a  spiral  or  annular  arrangement  about  it.  It  was  also  observed 
with  the  same  results  on  the  Ist  and  3rd  April. 

Plate  XXm.^.  5.  ba  15^1-  47'.  K  p  d  33<*  35'.  Length  50". 
Breadth  20". — This  nebuki  was  not  figured  by  Sir  John  Herschel ;  bnt 
is  described  by  him  as  an  object  very  bright,  and  g^wing  much  bri^iter 
towards  the  middle.  The  drawing  fig.  5.  represents  the  object  as  seen  in 
Lord  Ros8e*8  telescope,  in  April  1848.  It  is  described  by  Lord  Roese  as 
a  very  bright  resolvable  nebula,  but  that  none  of  the  component  stars  could 
be  distinctly  seen  even  with  a  magnifying  power  of  1000.  A  perfectly 
straight  longitudinal  division  appears  in  the  direction  of  the  major  axis 
of  the  ellipse.  Resolvability  was  strongly  indicated  towards  the  naclens. 
According  to  Lord  Rosse,'  ^e  proportion  (^  the  major  axis  to  the  minor 
axis  was  8  to  1  ;  much  greater  than  the  estimate  of  Sir  John  Hersdiel, 
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Plate  XXTTT.  fig.  10.  ra  12^  33"  54-.  npd  56''  30'.  —  Described  by 
Sir  John  Herschel  as  a  nebula  of  enormons  length,  extending  across  an 
entire  field  of  15',  the  nucleus  not  being  well  defined.  It  was  j)receded  by  a 
star  of  the  tenth  magnitude,  and  that  again  by  a  small  faint  round  nebula, 
the  whole  forming  a  fine  and  very  curious  combination. 

Plate  XXin.  fig,  4. — The  same  object  as  shown  by  Lord  Rosse's  telescope 
on  19th  April  1849.  The  drawing  is  stated  to  be  executed  with  great  care, 
and  to  be  very  accurate.  A  most  extraordinary  object,  masses  of  light 
appearing  through  it  in  knots. 

Plate  XXn.>^.  10.  B  A  6»»  29"  63«.  npd  81<>  V Described  by  Sir  John 

Herschel  as  a  star  of  the  12th  magnitude,  with  a  bright  cometic  branch 
issuing  firom  it,  60"  in  length,  forming  an  angle  of  60^  with  the  meridian, 
passing  through  it.  The  star  is  described  as  ill  defined,  the  apex  of  the 
nebula  coming  exactly  up  to  it,  but  not  passing  it. 

Plate  XXTL  fig,  9.  —  The  same  object  as  seen  with  Lord  Rosse's  tele- 
scope on  16th  January  1850.  Lord  Rosse  observed  that  the  two  com- 
paratiyely  dark  spaces,  one  near  the  apex  and  the  other  near  the  base  of  the 
cone,  are  very  remarkable. 

Plate  XXIL^.  12.  ba  ll"*  4"  49-.  npd  Z4P 3'.  Diameter  19"  time.— 
Described  by  Sir  Jdm  Herschel  as  a  large  uniform  nebulous  disk,  very 
bright  and  perfectly  round,  but  sharply  definedi  and  yet  very  suddenly 
£Ading  away  into  dfurkness.    A  most  extraordinary  object 

Plate  XXII.  fig,  11.-.*  The  same  object  as  shown  by  Lord  Rosse's  tele- 
scope. Two  stars  considerably  apart,  seen  in  the  central  part  of  the  nebula. 
A  dark  penumbra  around  each  spiral  arrangement  with  stars  as  apparent 
centres  of  attraction.  Stars  sparkling  in  it  and  in  the  nebula  resolvable. 
Xiord  Rosse  saw  two  large  and  very  dark  spots  in  the  middle,  and  remarked 
that  all  round  its  edge  the  sky  appeared  darker  than  usual. 

PUite  XXin.^.  11.  B  A  y**  34«  2-.  NPD  104°  20'  25".  Diameter  375" 
time.  — Described  by  Sir  John  Herschel  as  a  planetary  nebula,  of  a  faint 
equal  light,  and  exactly  round,  having  a  very  minute  star  a  little  north  of 
the  centre.  Very  velvety  at  the  edges.  In  the  telescope  of  Lord  Rosse, 
however,  it  appears  as  an  annular  nebula  as  represented  in  the  figure,  with 
$wo  stars  within  it. 

Plate  XXIII.  ^£7.  7.  ba23*17"42«.  h  p  d  48*^  24' 24".  Diameter  12"-^ 
Figured  by  Sir  John  Herschel,  who  describes  it  as  a  fine  planetary  nebula. 
With  a  power  of  240  it  was  beautifully  defined,  light,  rather  mottled,  and 
the  edges  the  least  in  the  world  unshaped.  It  is  not  nebulous,  but  looks  as 
if  it  had  a  double  outline,  or  like  a  star  a  little  out  of  focus.  It  is  perfectly 
circular. 

Plate  XXIII  fig,  6. — The  same  object  as  shown  in  Lord  Rosse's  tele- 
scope, 16th — 19th  December  1848.  A  central  dark  spot  surrounded  by  a 
bright  annulus. 

Plate  XXin.  ^.9.  b a  20*  54-  5«.  npd  102°  2'  46".  Diameter  10" 
to  12"  according  to  Herschel,  but  25"  by  17"  according  to  Struve,  who 
gives  it  a  more  oval  form. — This  figure  is  that  given  by  Sir  John  Herschel, 
who  describes  it  as  a  fine  planetary  nebula  with  equable  light  and  blueish 
irhite  colour. 
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TUte  XXm.  fig,  8.,~Tlie  same  object  u  shown  bj  Lord  Boase*8  tde- 
•cope.  Like  a  globe  surrounded  bj  a  ring  such  as  that  of  Saturn,  the  usoal 
line  being  in  the  plane  of  the  ring. 

Plate  XXnL  >^.  13.  ba7M9-8«.  h p d  68^  45'.  —  DeMaribed  bj  Sir 
John  Uerschcl  as  a  star  exactly  in  the  centre  of  a  bright  drcnlar  atmo- 
sphere SS''  in  diameter,  the  star  being  quite  stellar,  and  not  a  mere  nadeos, 
and  is  a  most  remarkable  object 

Plate  XXIIL  fig,  12.»The  same  object  as  shown  bj  Lord  Ro68e*s 
telescope  on  20th  Febmarj  1849 ;  described  bj  him  as  a  most  astonishing 
Object.  It  was  examined  in  January  1850,  with  powers  of  700  and  900, 
when  both  the  dark  and  bright  rings  seemed  unequal  in  breadth. 

Plate  XXIli.>^.  15.  ka  5*  27-  7».  hpd96®2'  18".— The  star » Oionis 
luYolTed  in  a  feeble  nebula  3'  in  diameter.  (Sir  J.  Herschel.)  The  draw* 
ing  shows  this  as  seen  with  Lord  Rosse's  telescope. 

Plate  XX.  fig.Z,  ar  19^  52-  12*.  hpd  67<>  44'.— Drawn  by  Sir  John 
Herschel,  who  describes  it  as  a  nebula  shaped  like  a  dumb-bell,  double- 
headed  shot,  or  hour-glass,  the  elliptic  outline  being  completed  by  a  more 
feeble  nebulous  light.  The  axis  of  symmetry  through  the  centres  of  the 
two  chief  masses  inclined  at  30^  to  the  meridian.  Diameter  of  elliptic  light 
from  T  to  8'.  Not  resolvable,  but  four  stars  are  risible  on  it  of  the  12th, 
13th,  and  14th  magnitude.  The  southern  head  is  denser  than  the  northern. 
This  extraordinary  object  was  also  observed  by  Sir  W.  Herschd,  who 
recognised  the  same  peculiar  form.  Sir  J.  Herschel  considers  that  the  most 
remarkable  circumstance  attending  it  is  the  faint  nebulosity  which  fiUs  up 
the  lateral  concavities  of  its  form,  and  in  fact  converts  them  into  protu- 
berances, so  as  to  render  the  whole  outline  a  regular  eUipse,  having  for  its 
shorter  axis  the  common  axis  of  the  two  bright  masses.  If  it  be  regarded 
as  a  mass  in  rotation,  it  is  around  this  shorter  axis  it  must  revolve.  In 
that  case,  he  considers  that  its  real  form  must  be  that  of  an  oblate  spheroid  ; 
and  as  it  does  not  follow  that  the  brightest  portions  must  be  of  necessity  the 
densest,  this  supposition  would  not  be  incompatible  with  dynamical  laws, 
at  least  supposing  its  parts  to  be  capable  of  exerting  pressure  on  each  other. 
But  if  it  consist  of  distinct  stars  this  cannot  be  admitted,  and  we  must  then 
have  recourse  to  other  suppositions  to  account  for  the  maintainance  of  its 
form.    Sir  John  Herschel,  it  will  be  observed,  failed  to  resolve  this  nebula. 

Pkte  XXIV.  fig,  1.  —  The  same  object  as  shown  by  the  telescope  of 
Lord  Bosse,  three  feet  aperture,  twenty-seven  feet  focal  length. 

Plate  XX.  fig,  1. — The  same  object  as  shown  with  the  great  telescope  of 
Lord  Rosse,  six  feet  aperture,  fifty-three  fbet  focal  length. 

The  difference  between  these  two  representations  and  that  given  by  Sir 
John  Herschel  of  the  same  object,  will  illustrate  in  a  very  striking  manner 
the  observations  already  made  on  the  effects  of  different  magnifying  and 
defining  powers  upon  the  appearance  of  the  object  under  examination. 
These  three  figures  could  scarcely  be  conceived  to  be  representations  of  the 
Same  object  . 

To  explain  the  difference  observable  between  the  drawmg  Plate  XXIV. /ij; 
1.,  made  with  the  smaller  telescope,  and  the  drawing  Plate  XX.  fig,  1.,  made 
with  the  larger  instrument,  Lord  Bosse  observes,  that  while  the  application 
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of  a  high  magnifjing  power  brings  oat  minvte  ttan  not  Tuible  with  lower 
powers,  it  completely  extingaishes  nebulositj  which  the  lower  powers 
render  visible.  The  optical  reason  for  this  will  be  easily  perceived  ;  tho 
circumstance  was  nevertheless  overlooked  when  the  observations  were 
made  from  which  the  drawing  Plato  XXIV.  fig.  1.  was  taken.  Only 
one  magnifying  power,  and  that  a  very  hi^  one,  was  used  on  that  occa* 
sion,  the  consequence  of  which  was  that,  although  the  two  knobs  of  the 
dumb-bell  were  more  fully  resolved,  the  nebulous  matter  filling  the  inter- 
mediate space^  which  Herschel  considered  to  be  the  most  remarkable  feature 
of  this  nebula,  was  entirely  extinguished  in  the  optical  image.  If  on  that 
occasion  a  second  eye-piece  had  been  used  of  lower  power,  the  inter- 
m^iate  nebulous  matter  would  have  been  seen,  as  represented  in  the  draw- 
ing, and  the  drawing  would  be  as  perfect  as,  and  nearly  identical  with,  that 
obtained  with  the  greater  telescope  Plate  XX,  fig.  1.,  a  lower  power  being 
used. 

It  win  be  observed  that  the  general  outline  of  this  remarkable  object 
which  is  BO  geometrically  exact  as  seen  with  the  inferior  power  used  by 
Sir  John  Herschel,  is  totally  effaced  by  the  application  of  the  higher 
powers  used  by  Lord  Rosse,  and  consequently  Sir  John  Herschel^s  theo- 
retical speculations  based  upon  this  particular  form,  must  be  regarded  as 
losing  much  of  their  force,  if  not  wholly  inadmissible  ;  and  this  is  an 
example  proWng  how  unsafe  it  is  to  draw  any  theoretical  inferences  from 
apparent  peculiarities  of  form  or  structure  in  these  objects,  which  may  be 
only  the  eiSect  of  the  imperfect  impressions  we  receive  of  them,  and  which, 
consequently,  disappear  when  higher  telescopic  powers  are  applied.  The 
case  of  the  nebula  represented  in  Plate  XXTLfigs,  1.  and  2.  presents  another 
striking  example  of  the  force  of  these  observations. 

Plate  XX. /^. 4.  b  a  S^  47-  13«.  npd  57®  11  .—This  object,  drawn  by 
Sir  J.  Herschel,  is  the  annular  nebula  between  fi  and  y  Lyrs.  He  estimates 
its  diameter  at  6*5"  R  a.  The  annulus  is  oval,  its  longer  axis  being  inclined 
at  67®  to  the  meridian.  The  central  vacuity  is  not  black,  but  filled  with  a 
nebulous  light  The  edges  are  not  sharply  cut  off,  but  ill  defined  ;  they 
exhibit  a  curdled  and  confused  appearance,  like  that  of  stars  out  of  focus. 
He  considers  it  not  well  represented  in  the  drawing. 

Plate  XX  fig.  2. —  The  same  object  as  shown  in  the  telescope  of  Lord 
Rosse.  This  dran-ing  was  made  with  the  smaller  telescope,  three  feet  aperture, 
before  the  great  tdescope  had  been  erected.  The  nebuU  was  observed  seven 
^irnes  in.  1848,  and  once  in  1849.  With  the  large  telescope,  the  central 
.opem'ng  showed  considerably  more  nebulosity  than  it  appeared  to  have  with 
the  smaller  instrument.  It  was  also  noticed,  that  several  small  stars  were 
seen  around  it  with  the  large  instrument,  which  did  not  appear  with  the 
smaller  one,  from  which  it  was  inferred  that  the  stars  seen  in  the  dark  opening 
of  the  ring  may  possibly  be  merely  accidental,  and  have  no  physical  relation 
to  the  nebula.  In  the  annulus  near  the  extremity  of  the  minor  axis,  several 
minute  stars  were  visible. 

Plate  XX  fig.  5.  n  A  18^  28-  53«.  vpd  107®  0'  50".  Diameter  of  faint 
nebuU,  2'.  Diameter  of  bright  part,  10"  or  15".— Described  as  a  faint  hirge 
nebula  losUig  itvelf  qute  imperceptibly ;  a  good  type  of  itadass.  (Herschel) 
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FUte  XX.  fig,  7.  ra  17^  44-  42*.  mpd  66<^  52  41".  r^reeptnOe  disk 
1'',  or  1*5"  diameter.  Sarronnded  bjr  a  rery  faint  nebula.«-Aciirioii3  object, 
(Hencbel) 

Plate  XX.  >^.8.  RA  19^  40-  I9«.  ir p d  39<>  54'.— Amort  cnrions object. 
A  itar  of  the  1 1th  magnitude,  surrounded  bj  a  Tery  bright  and  perfiKtly 
round  planetary  nebula  of  uniform  light.  Diameter  in  ra  3-5",  perhape  a 
very  little  hazy  at  the  edges.    (HerscheL) 

Plate  XX.  ^.  9.  R  ▲  10»'  28-  7».  HP  D  S5°  36'  32".— A  bright  round 
nebula,  forming  almost  a  disk  15"  diameter,  surrounded  by  a  very  feeUe 
Atmosphere.    (HerscheL) 

3389.  Large  and  irregular  nebuke,  —  All  the  nebuke  de- 
scribed above,  are  objects  generally  of  regular  form  and  sab- 
tending  small  visual  angles.  There  are  others,  however,  of  a 
very  different  character,  which  cannot  be  passed  without  some 
notice.  These  objects  cover  spaces  on  the  firmament*  many 
nearly  as  extensive  as,  and  some  much  more  extensive  than, 
the  moon's  disk.  Some  of  them  have  been  resolved.  Of  those 
which  are  larger  and  more  diffused,  some  exhibit  irregularly 
shaped  patches  of  nebulous  light,  affecting  forms  resembling 
those  of  clouds,  in  which  tracts  are  seen  in  every  stage  of 
resolution,  from  nebulosity  irresolvable  by  the  largest  and  most 
powerful  telescopes,  to  stars  perfectly  separated  like  parts  of 
the  milky  way,  and  <^  clustering  groups  sufficiently  insulated 
and  condensed  to  come  under  the  designation  of  irregular  and, 
in  some  cases,  pretty  rich  clusters.  But,  besides  these,  there 
are  also  nebulsa  in  abundance,  both  regular  and  irregular; 
globular  clusters  in  every  state  of  condensation,  and  objects  of 
a  nebulous  character  quite  peculiar,  which  have  no  analogy  in 
any  other  part  of  the  heavens."  * 

3390,  Rich  cluster  in  the  Centaur,  —  The  star  «  Centauri 
presents' one  of  the  roost  striking  examples  of  the  class  of  large 
diffused  clusters.  It  is  nearly  round,  and  has  an  apparent  dia- 
meter equal  to  two*tbirds  of  that  of  the  moon*  This  remark- 
able object  was  included  in  Mr.  Dunlop*8  catalogue  (Phil. 
Trans.  1828) ;  but  it  is  from  the  observations  of  Sir  John 
Herschel,  at  the  Cape,  that  the  knowledge  of  its  splendid  cha- 
racter is  derived.  That  astronomer  pronounces  i^  beyond  all 
comparison,  the  richest  and  largest  object  of  the  kind  in  the 
heavens.  The  stars  composing  it  are  literally  innumerable ; 
and  as  their  collective  light  affects  the  eye  hardly  more  than 

*  Herschel,  Outlines  of  Astronomy,  p^  613. 
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tHat  of  a  stai^  of  the  fifth  magnitude,  the  minuteness  of  each 
of  them  may  be  imagined.  The  apparent  magnitude  of  this 
object  is  such  that,  when  it  was  concentric  with  the  field  of 
Sir  J,  Herschel's  20  ft.  telescope,  the  straggling  stars  at  the 
edges  were  beyond  the  limit  of  the  field.  In  stating  that  the 
diameter  is  two-thirds  of  the  moon's  disk,  it  must  be  understood 
to  apply  to  the  diameter  of  the  condensed  cluster,  and  not  to 
include  the  straggling  stars  at'  the  edges.  When  the  centre  of 
the  cluster  was  brought  to  the  edge  of  the  field,  the  outer  stars 
extended  fully  half  a  radius  beyond  the  middle  of  it.* 

The  appearance  of  this  magnificent  object  resembles  that 
shown  in  Plate  XXL  fig,  1.  only  that  the  stars  are  much  more 
densely  crowded  together,  and  the  outline  more  circular,  indi* 
eating  a  pretty  exact  globe  as  the  real  form  of  the  mass. 

3391.  The  great  nebula  in  Orion,  —  The  position  of  this 
extraordinary  object  is  in  the  sword  handle  of  the  figure  which 
forms  the  constellation  of  Orion.  It  consists  of  irregular  cloud- 
shaped  nebulous  patches,  extending  over  a  surface  about  4(y 
square ;  that  is,  one  whose  apparent  breadth  and  height  exceed 
the  apparent  diameter  of  the  moon  by  about  one-third,  and 
whose  superficial  magnitude  is,  therefore,  rather  more  than 
twice  that  of  the  moon's  disk.  Drawings  of  this  nebula  have 
been  made  by  several  obserirers,  and  engravings  of  them  have 
been  already  published  in  various  works. 

In  Plate  XXTV.  fig.  2.  is  given  a  representation  of  the 
central  part  of  this  object.  The  portion  here  represented  mea* 
sures  25'  in  height,  and  25'  in  breadth ;  a  height  and  breadth 
about  one-sixth  less  than  the  diameter  of  the  moon.  An  en- 
graving upon  a  very  large  scale,  of  the  entire  extent  of  the 
nebula,  with  an  indication  of  the  various  stars  which  serve  as 
a  sort  of  landmarks  to  it,  may  be  seen  by  reference  to  Sir  J. 
Herschel's  "Cape  Observations,"  accompanied  by  the  interest- 
ing details  of  his  observations  upon  it. 

Sir  J.  Herschel  describes  the  brightest  portion  of  this  nebula 
as  resembling  the  head  and  yawning  jaws  of  some  monstrous 
animal,  with  a  sort  of  proboscis  running  out  from  the  snout. 
The  stars  scattered  over  it  probably  have  no  connection  with  it, 
and  are  doubtless  placed  much  nearer  to  our  system  than  the 
nebula,  being  visually  projected  upon  it.     Parts  of  this  nebula, 

*  Cape  Observations,  p.  21. 
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when'snbmitted  to  tbe  powers  of  Lord  Bom's  telescopes,  sbow 
evid^it  indicatioiis  of  resolTabilitj. 

3392.  Tike  great  nehtda  in  Argo.  —  This  is  an  oliject  of  the 
same  clmss,  and  presenting  like  appearances;  it  is  diffnded 
around  the  star  19  in  the  constellation  here  named,  and  formed  s 
special  subject  of  obserration  by  Sir  J.  Herschel,  daring  his  resi* 
denoe  at  the  Cape.  An  engraving  of  it  on  a  lai^  scale*  giving 
all  its  details,  mny  be  seen  in  the  ^Cape  Observations.*  The 
position  x>f  the  centre  of  the  nebula  is,  ra  10^  38'  38",  vf» 
148**  47'. 

This  object  consists  of  diffused  irregular  nebnlons  patches 
extending  over  a  surface  measuring  nearly  *V  (time)  in 
right  ascension,  and  68'  in  declination ;  the  entire  area,  there- 
fore, being  equal  to  a  square  space,  whose  side  would  messort 
one  degree.  It  occupies,  therefore,  a  space  on  the  heavens  about 
five  times  greater  than  the  disk  of  tiie  moon. 

A  part  of  the  nebula  immediately  surrounding  the  central 
star,  is  represented  in  Plate  XXY.  The  space  here  represented 
measures  about  one-fourth  of  the  entire  extent  of  the  nd>ala,  in 
declination,  and  one-third  in  right  ascension,  and  about  s 
twelfth  of  its  entire  magnitude. 

No  part  of  this  remarkable  object  has  shown  tbe  least  ten- 
dency to  resolvability.  It  is  entirely  compressed  within  tiie 
limits  of  that  part  of  the  milky  way  which  traverses  the  southcrs 
firmament,  the  stars  of  which  are  seen  projected  upon  it  in 
thousands.  Sir  J.  Herschel  has  actually  counted  1200  of  these 
stars  projected  upon  a  part  of  this  nebula,  measuring  no  more 
than  28'  in  declination,  and  32^  in  right  ascen»on,  and  he 
thinks  that  it  is  impossible  to  avoid  the  conclusion,  that  io 
looking  at  it  we  see  through  and  beyond  the  miilky  way,  far  oot 
into  space  through  a  starless  region,  disoonnecting  it  altogether 
with  our  system. 

3393.  Magellanic  clouds.  These  are  two  extensive  nebuk>08 
patches  also  seen  on  the  southern  firmament,  the  greater  called 
the  nubecula  major^  being  included  between  b  a  4^  40™,  and 
6^  0"  and  N  p  D  156**  and  162°,  occupying  a  superficial  area  oi 
42  square  degrees ;  and  the  other  called  the  nubecula  minora 
being  included  between  ra  0^  21"  and  1**  15"  and  between  NPr 
16^^  and  165%  covering  about  10  square  degrees. 

These  nebulae  consist  of  patches  of  every  character,  some 
irresolvable,  and  otliers  resolvable  in  all  degrees,  and  mixed 
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with  clusters ;  in  fine,  having  all  the  chaiticters  already  ex- 
plaiped  in  the  cases  of  the  large  diffused  nebulae  described  aboTC. 
So  great  is  the  number  of  distinct  nebulae  and  clusters  crowded 
together  in  these  tracts  of  the  firmament,  that  278,  besides  50 
or  60  outliers,  have  been  enumerated  by  Sir  J.  Herschel,  within 
the  area  of  the  nebecula  major  alone. 


CHAP.  XXX. 

KOTICES  OF  RBMARKABLE  ASTRONOMICAL  INSTRUMENTS. 

3394.  Classification  of  the  instruments  of  observation. — In 
the  sixth  Chapter  of  this  book,  an  explanation  of  the  principle  of 
the  construction,  the  form,  and  application  of  the  most  necessary 
instruments  of  an  observatory,  is  given,  such  as  was  deemed  suifi«> 
cient  to  render  intelligible  the  succeeding  parts  of  the  work.  The 
instruments  selected  for  that  purpose  were  those  which  seemed 
best  adapted  to  illustrate  the  theoretical  principles  afterwards 
developed^  and  to  show,  in  the  most  simple  manner,  the  mode 
in  which  the  various  data  on  which  these  principles  rest  were 
obtained.  It  was  thought  more  conducive  to  the  progress  of 
the  student  to  postpone  the  exposition  of  other  instruments  of 
observation  until  the  importance  and  magnitude  of  the  results 
Attained  by  them  could  be  more  adequately  appreciated,  and  the 
principles  of  their  structure  and  mechanism  more  clearly  com- 
prehended. 

We  shall  now  therefore  conclude  this  volume  with  a  short 
notice  of  some  of  the  most  generally  useful  and  some  of  the 
most  remarkable  instruments  of  astronomical  observation,  in- 
cluding the  most  important  of  those  recently  erected  in  different 
countries,  and  some  which  have  been  rendered  memorable  by 
the  uses  to  which  they  have  been  subservient.  If  we  omit 
some,  more  especially  those  in  observatories  erected  and  con- 
ducted at  the  charge  of  private  individuals,  it  is  from  no  undue 
sense  of  their  value  and  importance,  nor  from  any  disinclination 
to  award  the  praise  due  to  the  spirit  which  has  prompted  such 
devotion  of  time  and  fortune  to  the  advancement  of  the  noblest 
of  the  scienceSi  but  from  the  necessity  under  which  the  objects 
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and  porpoBes  of  this  work  place  us  to  confine  It  within  certain 
limits  of  bulk. 

All  astronomical  observation  is  limited  either  to  ascertain 
the  magnitudes,  forms,  and  appearance  of  celestial  objects,  or  to 
determine  the  places  thej  occupy  at  anj  given  moment  on  the 
firmament 

To  attain  the  former  object,  telescopes  are  constructed  with 
the  greatest  practicable  magnifjing  and  illuminating  powers, 
and  so  mounted  as  to  enable  the  observer  with  all  the  requisite 
facility  to  present  them  to  those  parts  of  the  heavens  in  which 
the  objects  of  his  observation  are  placed. 

To  attain  the  latter,  it  is  n^ssarj  to  provide  an  apparatm 
bj  which  the  direction  of  tht  visual  line  of  the  object  of  ob- 
servation relatively  to  some  fixed  line  and  some  fixed  plane  ess 
be  ascertained.  The  visual  line  being  the  straight  line  dravn 
from  the  eye  of  the  observer  to  the  object,  at  the  moment  of 
the  observation,  and  having,  therefore,  no  material  tangibk 
or  permanent  existence,  by  which  it  can  be  submitted  to  mea- 
surement, it  is  necessary  to  contrive  some  material  line  with 
which  the  visual  line  shall  coincide.  Tbe  telescope  supplied 
an  easy  and  exact  means  of  accomplishing  this.  When  it 
is  directed  so  that  the  object  or  its  centre,  if  it  have  a  disk,  ia 
seen  upon  the  intersection  of  the  middle  wires  in  the  eye-piece, 
the  visual  direction  of  the  object  is  the  line  drawn  from  tbe 
centre  of  the  object-glass  of  the  telescope  to  the  intersection  of 
the  middle  wires. 

Now  the  telescope  being  attached  to  a  graduated  circle  is  so 
placed,  that  the  line  joining  the  centre  of  the  object-glass  with 
the  intersection  of  the  wires  is  parallel  to  a  diameter  of  the 
circle.  This  diameter  will  therefore  be  the  direction  of  the 
visual  line.  If  the  circle  thus  arranged  be  so  mounted  that  t 
line  drawn  from  the  observer  to  the  fixed  point  of  reference^ 
whatever  that  point  be,  shall  be  parallel  also  to  a  diameter  of 
tbe  circle,  and  if  the  circle  be  so  mounted  that,  however  its 
position  may  otherwise  be  changed,  one  of  its  diameters  shall 
always  pass  through  the  fixed  point  of  reference,  the  angular 
distance  of  the  object  of  observation  from  the  fixed  point  of 
reference  will  always  be  equal  to  the  angle  formed  by  the  two 
diameters  of  the  circle,  one  of  which  is  parallel  to  the  line  join- 
ing the  centre  of  the  object-glass,  with  the  intersection  of  the 
wires  at  the  moment  of  the  observation,  and  the  other  parallel 
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to  the  line  drawn  from  the  observer  to  the  fixed  point  of  re* 
ference. 

But  this  is  not  yet  enough  to  determine  in  a  definite  manner 
the  position  of  the  object  on  the  heavens.  A  great  many  difieo 
rent  objects  may  have  the  same  angukr  distance  from  the  fixed 
-point  of  reference.  If  a  plane  be  imagined  to  pass  at  right 
angles  to  a  line  drawn  from  the  observer  to  the  fixed  point  of 
reference,  it  will  intersect  the  celestial  sphere  in  a  certain 
circle,  every  point  of  which  will  obviously  be  at  the  same 
angular  distance  from  the  point  of  reference.  To  render  the 
position  of  the  object  of  observation  determinate,  it  is  therefore 
necessary  to  know  the  position  of  the  plane  of  the  graduated 
circle,  with  relation  to  a  circle  if  hose  plane  is  at  right  angles  to 
that  diameter  of  the  celestial  sphere  which  passes  through  the 
fixed  point  of  reference. 

The  plane  of  the  graduated  circle  may  be  fixed  or  moveable. 
If  fixed,  its  position  with  relation  to  the  fixed  point  of  refer- 
ence is  ascertained  once  for  all;  after  which,  the  position  of  the 
object  of  observation  will  be  determined  merely  by  its  angular 
distance  from  the  point  of  reference.  If  moveable,  it  is 
necessary  to  provide  another  graduated  circle,  the  plane  of 
-which  is  perpendicular  to  the  first,  and  upon  which  some  fixed 
direction  is  marked.  The  position  of  the  plane  of  the  moveable 
circle,  which  carries  the  telescope,  with  relation  to  this  latter 
fixed  direction,  is  then  ascertained  by  the  arc  of  the  second 
graduated  circle,  which  is  included  between  the  moveable  circle 
and  such  fixed  direction. 

All  instruments  of  observation  for  determining  the  position 
of  objects  on  the  celestial  sphere  are  constructed  and  mounted 
on  one  or  other  of  these  principles ;  and  they  differ  one  from 
another  in  respect  to  the  point  adopted  as  the  fixed  point  of 
reference,  and  the  plane  at  right  angles  to  the  diameter  of  the 
sphere  passing  through  that  point  with  relation  to  which  the 
position  of  the  circle,  if  it  be  moveable,  is  determined. 

The  fixed  point  of  reference  is,  in  all  cases,  either  the  ss^nith  or 
the  pole ;  and  the  plane  of  reference,  consequently,  either  that 
of  the  horizon  or  the  equator. 

When  the  plane  of  the  graduated  circle  carrying  the  tele- 
scope is  fixed,  it  is  almost  invariably  that  of  the  meridian,  but 
in  certain  instances  the  circle  has  been  fixed  in  the  vertical 
m.  NN 
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plane  at  rigHt  angles  to  the  meridian,  that  is  to  aajr,  in  the 
plane  of  the  prime  verticaL 

It  will  be  obrioos  that  the  moral  circle  (2407.)  and  the 
transit  (2897.)  are  meridional  instruments. 

When  the  fixed  point  of  reference  is  the  zenith,  and  the 
graduated  circle  is  moTeable,  the  immediate  results  of  the  ob- 
servations made  with  the  instrument  are  the  zenith  distance  or 
altitude  and  the  azimuth  of  the  object  obsenred.  Such  instru- 
ments are,  consequentlj,  denominated  alhtuob  and  Azmurfl 

OIBCLBS,  or  ▲LTAZHniTH  INSTRUKENTS. 

When  the  fixed  point  of  reference  is  the  pole  and  the 
graduated  circle  is  moveable,  the  immediate  results  of  the 
observations  made  with  the  instrument  are  the  polar  distance 
or  declination  and  the  right  ascensic^  of  the  object  observed; 
and  the  motion  of  the  instrument  being  parallel  to  the  celestial 
equator,  it  is  called  an  kquatorejLl  (2336.). 

These  general  principles  being  understood,  we  shall  give  a 
few  examples  of  each  class  of  instrument,  commencing  wiUi 
those  which  are  adapted  to  the  investigation  of  the  magnitude, 
appearance,  and  structure  of  the  celestial  objects,  without  re- 
ference to  their  exact  position  in  the  firmament 

3395.  Sir  W.  HerscheVs  forty-feet  reflector.  ^Thi^  instro- 
ment,  which  is  memorable  as  the  first  ever  constructed  upon  t 
scale  of  such  stupendous  magnitude,  and  still  more  so  for  the 
vast  discoveries  made  with  it  bj  its  illustrious  inventor  aid 
constructor,  is  represented  in  Plate  XXYIL  It  will  be  seen 
in  the  drawing  that  the  instrument  is  mounted  on  a  platfom 
which  revolves  in  azimuth  on  a  series  of  rollers.  The  telescope 
is  placed  between  four  ladders,  which  serTe  the  double  purpose 
of  a  firamework  for  its  support  and  a  convenient  means  of 
approaching  the  superior  end  of  the  great  tube.  These  ladders 
are  united  at  the  top  by  being  bolted  to  a  cross  bar,  to  which 
the  pulleys  are  attached.  By  one  system  of  pulleys,  the  tele- 
scope is  raised  or  lowered ;  and  by  another  the  gallery  (^ 
balcony  in  which  the  observer  stands  is  also  raised  or  lowered, 
BO  as  to  enable  him  to  look  into  the  tube.  These  pulleys  are 
each  worked  by  a  windlass  established  on,  the  platform  below. 
The  framing  is  strengthened  by  another  system  of  diagonal 
ladders,  as  well  as  various  masts  and  braces  which  appear  in 
the.  figure.  The  telescope  is  so  mounted  that  it  can  be  raised 
until  its  axis  is  vertical,  so  that  an  object  in  the  zenith  can  be 
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©bserved  with  it.  The  observer's  gallery  rests  in  grooves  tipoii 
the  ladders,  and  slides  up  and  down  easily  and  smoothly  by  tha 
operatioH  of  the  pulley,  so  that  when  the  telescope  tube  is 
elevated,  even  to  the  zenith,  the  observer  can  ascend  and 
descend  at  pleasure  by  signals  given  to  the  man  at  the  wind- 
lass. A  small  staircase  is  placed  near  the  foot  of  one  of  the 
principal  ladders,  by  which  observers  can  mount  into  the 
gallery  when  it  is  let  down  to  its  lowest  point 

The  total  length  of  the  telescope  tube  is  39  ft.  4  in.,  and  its 
dear  diameter  4  ft  10  in.  It  is  constructed  entirely  of  iron. 
The  great  speculum  is  placed  in  the  lower  end  of  the  tube,  the 
apparatus  for  adjusting  it  being  protected  by  the  wooden  struc- 
ture which  appears  in  the  figure.  The  diameter  of  the  specu- 
lum is  4  ft.,  and  the  magnitude  of  its  reflecting  surface  is 
consequently  12'566  square  feet  In  contains  1050  lb.  of 
metal. 

The  axis  of  the  speculum,  when  placed  in  the  tube,  is  so  in- 
clined to  the  tube  that  its  focus  is  at  about  two  inches  from  the 
lower  edge  of  the  upper  mouth  of  the  tube,  so  that  the  observer, 
standing  in  the  gallery  with  his  back  to  the  object,  and  looking 
over  the  edge  of  the  tube  towards  the  speculum,  can  direct  an 
eye-piece  conveniently  mounted  at  that  point  upon  the  image 
of  the  object  of  observation  formed  by  reflection  in  the  focus. 

Three  persons  are  employed  in  conducting  the  observations : 

the  observer,  who  stands  in  the  gallery ;  his  amanuensis,  who 

may  either  be  in  the  gallery  or  in  the  wooden  house  below,  re- 

I         ceiving  the  dictation  of  the  observer  by  a  speaking  tube ;  and 

t         the  person  who  works  the  windlass. 

j  3896.   The  lesser  Basse  telescope. — This  instrument,  with  its 

I  mounting,  is  represented  in  Plate  XXVIIL  The  arrangements 
I  are  so  similar  to  those  of  the  Herschelian  instrument  described 
above,  that  they  will  be  easily  understood  from  the  Plate 
without  further  description.  The  speculum  is  3  feet  aperture, 
and  7*068  square  feet  reflecting  surface.  The  length  of  the 
telescope  is  27  feet  It  is  erected  upon  the  pleasure-grounds  at 
Parsonstown  Castle,  the  seat  of  its  illustrious  constructor.  The 
weight  of  metal  in  the  speculum  is  about  13  cwt 

3397.  2%€  greater  Rosse  telescope,  —  This  stupendous  in- 
strument of  celestial  investigation,  by  far  the  largest  and  most 
powerful  ever  constructed,  is  represented  in  Plates  XXIX.  and 
XXX.  from  drawings  made  for  this  work  under  the  superin- 
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tendenee  of  bb  Lordship  himflelf.  Plate  XXtX.  presenta  4 
tootiiy  and  Plate  XXX.  a  north,  view  of  the  inttmment 

The  dear  aperture  is  6  ft,  and  consequently  the  magni* 
tnde  of  the  reflecting  surface  is  28*274  sqoare  feet,  being 
greater  than  that  of  Herschel's  great  telescope  in  the  ratio 
of  7tod. 

The  instmment  is  at  present  nsed  as  a  Newtonian  telescope 
(1215.),  that  is  to  say,  the  rays  proceeding  along  the  axis  of  the 
great  specolum  are  received  at  an  angle  of  45^  upon  a  second 
small  specnlum,  by  which  the  focus  is  thrown  towards  the  side 
of  the  tube  where  the  eye-piece  is  directed  upon  them.  Pro« 
▼ision  is,  however,  made  to  use  the  instrument  also  as  an 
Herschelian  telescope. 

The  great  tabe  is  supported  at  the  lower  end  upon  a  massive 
universal  joint  of  cast-iron,  resting  on  a  pier  of  stone-work 
buried  in  the  ground,  and  is  so  counterpoised  as  to  be  moved 
with  great  ease  in  declination.  In  all  such  instruments,  when 
it  is  required  to  direct  them  to  an  object,  they  are  first  brought 
to  the  desired  direction  by  some  expedient  capable  of  moving 
them  more  rapidly,  and  they  are  afterwards  brought  exactly 
upon  the  object  by  a  slower  and  more  delicate  motion.  In  this 
<»se,  the  quick  motion  is  given  by  a  windlass,  worked  upon  the 
ground  by  an  assistant  at  the  command  of  the  observer.  The 
flow  motion  is  imparted  by  a  mechanism  placed  under  the  hand 
of  the  observer. 

The  extreme  range  of  the  telescope  in  right  ascension,  when 
directed  to  the  equator,  is  1  hour  in  time,  or  15®  in  space ;  but 
when  directed  to  higher  declinations,  its  range  is  more  extensive. 

The  tube  is  slung  entirely  by  chains,  and  is  perfectly  steady, 
even  in  a  gale  of  wind. 

When  presented  to  the  south,  the  tube  can  be  lowered  until 
it  is  nearly  horizontal;  towards  the  north,  it  can  only  be 
depressed  to  the  altitude  of  the  pole.  The  apparatus  of  sus- 
pension is  so  arranged  that  the  instrument  may  be  worked  as 
an  equatoreal,  and  it  is  even  intended  to  apply  a  clock-work 
mechanism  to  it 

The  horizontal  axis  of  the  great  universal  joint,  by  which 
the  lower  end  is  supported,  carries  an  index  pointing  to  polar 
distance,  and  playing  on  a  graduated  arc  of  6  feet  radius. 
By  this  means,  the  telescope  is  easily  set  in  polar  distance. 
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The  same  otject  is  also  attained^  and  with  greater  precision,  hy 
a  20-inch  circle  attached  to  the  instrument* 

Two  specula  have  been  provided  for  the  telescope,  one  of 
which  contains  3^,  and  the  other  4  tons  of  metal,  the  composi* 
tion  of  which  is  126  parts  in  weight  of  copper  to  57}  of  tin. 

The  great  tube  is  of  wood  hooped  with  iron,  and  is  7  feet 
diameter,  and  52  in  length.  The  side-walls,  12  feet  distant 
from  the  tube,  are  72  feet  in  length,  48  feet  in  height  on  the 
outside,  and  56  feet  in  the  inside.  These  walls  are  built  in  thei 
plane  of  the  meridian. 

,  The  observer  stands  in  one  or  other  of  four  galleries,  the 
three  highest  of  which  are  drawn  out  from  the  western  wall, 
while  the  fourth  or  lowest  has  for  its  base  an  elevating  platform, 
along  the  surface  of  which  a  gallerj  is  moved  from  wall  to  wall 
bj  a  mechanism  at  the  command  of  the  observer. 

3398.  The  Oxford  heliometer.  —  This  class  of  instrument^ 
which  derives  its  name  from  having  been  first  applied  to  the 
measurement  of  the  diameter  of  the  sun,  consists  of  a  telescope 
equatoreallj  mounted,  the  6l(ject^1ass  of  which  is  divided 
along  a  plane  passing  through  its  optic  axis,  each  half  of  the 
lens  being  capable  of  being  moved  in  its  own  plane,  so  that  the 
axes  of  the  two  semi-lenses,  being  always  parallel  to  each 
other  and  to  the  axis  of  the  telescope,  may  be  within  certain 
limits  separated  from  each  other,  more  or  less^  at  the  pleasure 
of  the  observer. 

From  what  has  been  explained  in  general  of  the  structure  of 
an  equatoreal  instrument  (2336.),  and  from  the  drawing  of  this 
instrument  given  in  Plate  XXXI.,  the  provisions  for  the 
direction  of  the  telescope  in  right  ascension  and  declination 
will  be  easily  comprehended.  The  polar  axis,  round  which 
the  instrument  turns  in  right  ascension,  is  fixed  upon  the  face 
of  a  block  of  Portland  stone,  and  the  graduated  circle  measur- 
ing right  ascension  is  seen  at  the  top  and  at  right  angles  to  the 
polar  axis.  This  circle  receives  its  motion  in  the  usual  way, 
from  clockwork,  which  is  attached  to  the  stone  pier,  and  which, 
with  its  impelling  suspended  weight,  is  seen  in ,  the  drawing. 
Bods  are  provided  by  which  the  observer  can,  at  <  pleasure,  set 
the  clock  going,  or  stop  it,  and  c^mnect-  it  with,  or  disengage  it 
from,  the  equatoreal  circle. 

The  circle  for  indicating  polar  distance  or  declination  is 
placed  upon  the  horizontal  axis  of  the  instrument,  and  also 
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appetft  in  the  drawing  at  tbe  aide  oppoaite  to  that  at  which 
the  telescope  ia  attached. 

The  olject-ghMS  of  thia  inftnunent,  aonetimea  called  the 
^'dtTided  olject-glasa  micrometer,"  aappliea  a  rerj  accurate 
method  of  measuring  angles  which  do  not  exceed  a  certain 
Umii  of  magnitude. 

It  appears  bj  the  principles  of  optics,  that  whan  the  image 
of  a  distant  object  is  produced  bj  a  lens,  eocA  potmi  of  auch 
image  is  formed  bj  rajs  which  proceed  from  every  point  of  the 
lens.  If,  therefore,  a  part  of  the  lens  be  covered  bj  an  opaque 
bodj  or  cut  away,  each  point  of  the  image  will  still  be  formed 
bj  the  rajs  which  proceed  from  every  poiiU  of  tke  lens  wkiek  is 
not  covered  or  cut  tneay.  The  onlj  difiereoce  which  will  be 
obseryed  in  the  image  will  be,  that  it  will  be  less  strongl j  illu- 
minated, being  deprired  of  the  rajs  which  it  received  from  the 
part  of  the  lens  covered  or  cut  awaj,  and  that  it  will  be  less 
distinct  in  consequence  of  certain  effects  of  difiraction  which 
need  not  be  noticed  here. 

It  follows,  therefore,  that  half  a  lens  will  produce  at  the  focus 
an  image  of  a  distant  object,  and  if  two  halves  of  the  same  lens 
be  placed  oonoentricallj,  tbej  will  form  two  images,  the  exact 
superposition  of  which  will,  in  fact,  constitute  the  image  formed 
bj  the  complete  lens.  But  if  the  two  halves  be  not  concen- 
trical,  the  two  images  will  not  be  superposed,  but  will  be  sepa- 
rated bj  a  space  corresponding  with,  and  proportional  to,  tbe 
distance  between  the  centres  of  the  two  half  lenses.  Thus,  if 
the  lenses  be  directed  to  the  sun,  two  images  qf  the  solar  disc 
will  be  produced  at  the  focus  of  the  lenses,  and  these  images 
maj  be  shifted  in  their  positions,  the  centres  approaching  to, 
or  receding  from,  one  another,  according  as  the  centres  of  the 
two  half  lenses  approach  to,  or  recede  from,  each  other ;  and 
if  the  angular  distance  through  which  either  image  moves 
can  be  known,  it  is  easj  to  see  how,  bj  this  means,  the 
apparent  diameter  of  such  an  object  as  the  sun  can  be  mea- 
sured. For  this  purpose,  let  the 
two  half  lenses  be  first  plaoed  eon- 
centricallj,  so  that  the  two  images 
shall  be  exactlj  superposed.  Then 
let  one  of  the  two  lenses  be  moved 
Fig.  674 .  (the  edges  of  the  semi-lenses  being 

alwajs  maintained  in  contact),  until  the  image,  formed  bj  the 
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semi-lensy  which  is  moved,  shall  be  removed  to. such  a  posi* 
tion  that  the  two  images  shall  touch  each  other  externally, 
as  in  fig^  874.  In  that  case  it  is  evident  that  the  centre  of 
the  image  formed  bj  the  semi-lens  which  has  been  moved, 
must  have  moved  over  a  space  equal  to  the  diameter  of  tlie 
image  of  the  disc,  and  if  the  angular  value  of  such  space  be 
known,  the  apparent  diameter  of  the  sun  will  be  known. 

This  was  the  triplication  of  the  divided  object-glass,  from 
which  the  heliometer  took  its  name.  The  instrument,  how- 
ever, has  since  been  applied  to  so  manj  other  important  pur- 
poses, that  the  name  has  ceased  to  express  its  uses. 

The  two  semi-lenses  forming  the  object-glass  of  the  helio^ 
meter  are  set  edge  to  edge  in  strong  brass  frames,  which  slide 
in  grooves  with  a  smooth  and  even  motion.  Thej  are  moved 
by  fine  screws  which,  by  the  intervention  of  cog-wheels,  are 
turned  by  %  pair  of  rods  which  pass  along  the  tube  of  the 
telescope*  The .  separation  of  the  centres  of  the  semi-lenses, 
and  consequently  the  angular  distance  between  the  two  images, 
is  measured  according  to  a  known  scale  by  the  number  of  turns 
and  parts  of  a  turn  of  the  screw  which  are  necessary  to  pro- 
duce the  separation  or  to  bring  back  the  semi-lenses  to  a  con* 
centrical  position,  if  they  are  separated. 

It  is  obvious,  that  the  same  principle  will  be  applicable  to 
measure  the  apparent  angular  distance  between  any  two  objects, 
such  as  two  stars,  which  are  so  near  each  other  that  they  may 
be  seen  together  in  the  field  of  view  of  the  telescope.  For  this 
purpose,  let  the  semi-lenses  be  first  placed  concentrically.  The 
two  stars  s  and  s'  will  then  be  seen  in  their  proper  positions  in 
the  field.  Let  the  semi-lenses  be  then  moved  so  that  two 
images  of  each  star  will  be  visible.  Let  the  motion  be  con- 
tinued until  the  image  of  the  star  s  by  one  semi-lens  coincides 
with  the  image  of  the  other  star  s'  by  the  other  semi-lens» 
The  angular  distance  Corresponding  to  the  separation  of  the 
lenses  will  then  be  the  angular  distance  between  the  stars. 

In  this  heliometer  a  very  ingenious  contrivance  is  intro- 
duced to  enable  the  observer  to  read  the  scale  by  which  the 
angular  magnitude  corresponding  to  the  separation  of  the 
centres  of  the  semi-lenses  is  indicated.  This  is  accomplished 
by  placing  a  scale  behind  the  object-glass  in  the  interior  of  the 
telescope  tube,  so  that  it  can  be  read  by  means  of  a  long  mi- 
croscope, the  eye-glass  of  which  is  placed  near  the  eye-piece  of 
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the  teksoope.    TbU  interior  icak  ii  iUaminmted  bj  a  piece  of 

EUtiDum  wire  placed  near  H,  which  is  rendered  incandescent 
J  a  galvanic  current  trannnitted  upon  it  at  pleasure  hj  the 
observer.  This  current  ii  produced  1^  a  Smee's  battery  placed 
in  a  room  below  that  containing  the  hetiometer. 
'  A  very  s[4endid  instrument  of  this  class  has  been  erected  ai 
the  Pultowa  obeerratorj. 

8399.  The  iransU  cixU,  by  Travgkion,  — This  instrument, 
which  is  represented  in  Plate  XXXIL,  unites  the  functions  of 
the  munil  circle  and  the  transit  instrument.  The  telescope  is 
fixed  between  two  parallel  flat  metallic  circles  or  rings,  the 
exterior  face  of  each  of  which  is  graduated  to  5\  These  flat 
rings  are  connected  with  the  horizontal  axis,  bj  two  sets  of 
radial  hollow  cones,  so  as  to  form  two  wheels,  and  the/  are 
connected  with  each  other  bj  various  bars,  crossing  each  other 
so  as  to  form  rhomboidal  figures,  as  well  as  bj  a  s/stem  of 
perpendicular  rods,  which  appear  in  the  figure.  Each  of  these 
rings  is  4  feet  in  diameter.  The  horizontal  axis,  which  receives 
the  spokes  of  each  of  the  wheels,  is  cjlindrical  between  the 
wheels,  the  parts  projecting  bejond  them  being  strong  cooest 
which  rest  in  Ys  fixed  on  two  piers  of  solid  stone-work,  6 
feet  6  inches  in  height,  and  a  little  less  than  3  feet  apart  The 
length  of  the  horizontal  axis  is  3  feet. 

The  faces  of  the  stone  piers  coincide  with  the  plane  of  the 
meridian.  The  Ys  are  provided  with  adjustments,  one  of  which 
is  capable  of  raising  and  lowering  the  Y,  and  the.  other  of 
knoving  it  horizontally  through  small  spaces.  When  the  instm- 
meut  is  placed  on  these  supports,  the  line  of  coUimation  of  the 
telescope  will  play  nearly  in  the  meridian,  and  it  will  be  made 
to  do  so  exactly,  by  means  of  the  adjustments,  according  to  the 
method  explained  in  the  case  of  the  transit  instrument  (2398.), 
H  seq* 

The  graduated  faces  of  the  two  circles  are  surrounded  by 
four  or  more  microscopes,  by  which  the  observation  is  read  off 
in  the  same  manner  and  subject  to  the  same  conditions  as  have 
been  already  explained  in  the  Case  of  the  mural  circle  (2408.), 
ei  $eq. 

3400.  The  Greenwich  transit  circle — The  great  mural  circle 
and  the  transit  instrument  have  lately  been  superseded  at  the 
Royal  Observatory,  Greenwich,  by  an  instrument  upon  the 
^Inciple  of  that  just  described,  but  constructed  upop  >  vjist 
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scale  of  magrfitikley  and  combined  with  a  Variety  of  accessories 
by  which  its  stability  and  the  necessary  precision  of  its  indica-* 
tions  are  secured, 

A  perspective  view  of  this  instrument  is  presented  in  Plate 
XXXHL,  made  from  original  drawings  taken  by  permission  of 
the  Astronomer  RoyaL 

It  was  founds  by  the  results  of  observations  made  with  the 
great  10-feet  transit  instrument  previously  in  use  at  Oreenwich, 
that,  although  it  was  the  best  of  its  class,  and  had  been  con- 
structed with  the  greatest  degree  of  artistic  skill,  it  was  never-* 
tbeless  so  unstable  as  to  produce  errors  in  the  determination  of 
time,  which  it  was  possible,  and  therefore  desirable,  to  remove 
by  introducing  improved  principles  of  construction,  which  will 
be  presently  explained  in  relation  to  another  instrument  pre^ 
viously  erected  at  the  Observatory. 

Like  the  transit  circle  of  Troughton,  already  described,  this 
instrument  consists  of  a  telescope  fixed  between  two  parallel 
circles,  one  of  which  is  graduated,  resting  on  horizontal  sup- 
ports, placed  on  two  stone  piers,  so  that  the  line  of  coUimation 
moves  in  the  plane  of  the  meridian. 

The  telescope  tube,  which  is  nearly  12  feet  long,  consists  of 
a  hollow  cube  of  metal,  at  the  centre  of  which  two  cones  are 
bolted  by  means  of  flanges.  At  the  smaller  end  of  one  cone  is 
the  object-glass,  and  in  that  of  the  other  the  eye-piece.  Each  of 
these  cones  weighs  1*75  cwt,  and  the  central  cube  with  its 
pivots  weighs  8  cwt  The  whole  length  of  the  horizontal  axis 
on  which  the  instrument  rests  is  6  feet,  the  diameter  of  each 
of  the  bearings  being  6  inches.  The  object-glass  is  8  inches 
aperture,  its  optical  power  being  sufficient  for  the  observation  of 
the  faintest  objects  which  are  presented  in  the  ordinary  course 
of  meridional  observations. 

In  erecting  the  instrument  experiments  were  made,  with  the 
view  of  determining  the  amount  of  drop  produced  by  the 
weight  of  the  cones  of  the  telescope,  when  it  was  found  that 
this  quantity  did  not  exceed  the  thousandth  of  an  inch. 

The  parallel  circles  between  which  the  telescope  is  fixed,  are 
each  6  feet  in  diameter,  and  are  firmly  attached  to  cylindrical 
^nds,.  one  on  each  side  of  the  central  cube  of  the  telescope. 
The  clamping  apparatus  is  applied  to  the  eastern  circle^  and 
the  western  circle  is  graduated.  The  reading-ofi*  is  effected  by 
means  of  six  microscopes,  each  45  inches  in  length* 
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The  gradnatioii  of  tlie  circle  is  sodi  as  to  show  approxi* 
mstelj  senith  distances ;  while  a  pointer  ftzed  to  a  block  pro- 
jecting from  the  lower  part  of  ihe  pier,  directed  to  another 
graduated  band  on  the  outer  or  eastern  side  of  the  circle,  is  used 
for  setting  the  telescope,  and  gives  approximatelj  ncnrth  polar 
distances.  A  small  finder,  with  a  large  field  of  view,  is  attached 
to  the  side  of  the  cone  near  the  eye-piece,  as  well  as  aghts  for 
directing  the  telescope  to  stars  bj  the  naked  eye. 

A  large  gas-light  conyenientlj  placed  illuminates,  by  means 
of  reflectors,  the  graduated  arc  of  the  circle  at  the  points 
where  the  s^yeral  microscropes  are  fixed,  and  also  the  field  of 
the  telescope. 

A  variety  of  other  provisions  and  adjustments  are  attached 
to  the  instrument,  which  it  would  be  impossible  to  render 
clearly  intelligible  without  reference  to  the  instrument  itself 
or  very  detailed  and  elaborate  drawings  of  its  seyeral  parts, 
which  our  limits  do  not  permit  us  to  introduce  here. 

3401.  The  PuUowa  prime  vertical  instrument  —  This  in- 
strument may  be  summarily  described  as  a  transit,  whose  line 
of  coUimation  moves  in  the  plane  of  the  prime  vertical,  instead 
of  that  of  the  meridian.  Nevertheless,  its  astronomical  uses 
are  essentially  distinct  from  those  of  the  transit  instrument 
(2397.). 

The  first  instrument  made  on  this  principle  was  erected,  in 
the  beginning  of  the  last  century,  under  the  direction  of  the 
celebrated  Roemer,  whose  name  is  rendered  memorable  by  the 
discovery  of  the  mobility  of  light  (2959.).  It  was  applied  by 
that  astronomer  chiefly  to  observations  on  the  sun  near  the 
equinoxes ;  but  none  of  the  purposes  to  which  it  has  more 
recently  subserved  appear  to  have  been  contemplated,  and  the 
instrument  was  allowed  to  fall  into  disuse.  Its  revival,  and  the 
idea  of  its  application  to  various  important  classes  of  observa- 
tions in  the  higher  departments  of  practical  astronomy,  and 
more  especially  to  replace  the  zenith  sector  in  observations 
having  for  their  object  the  more  exact  determination  of  aber- 
ration and  nutation,  and  for  researches  in  stellar  parallax,  is 
due  to  Professor  Bessel.  Many  of  the  Improved  details  of 
construction  exhibited  in  the  Pultowa  instrument  are,  how- 
ever, due  to  Professor  Struve,  who,  besides,  has  obtained  such 
remarkable  results  by  the  system  of  observations  which  he  has 
made  with  it. 
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The  Paltowa  prime  vertical  infitniment  was  eonstructed. 
Tinder  the  direction  of  Professor  Struye,  bj  Messrs.  Repsold,  of 
Hamburg.  Two  stone  piers  being  erected  in  planes  at  right 
angles  to  the  meridian,  yertical  chairs  are  fixed  upon  their  sum* 
mits  in  such  a  position  that  the  line  joining  them  is  in  the  plane 
of  the  meridian.  These  chairs  are  the  supports  of  the  cylindrical 
extremities  of  the  horizontal  axis  of  the  instrument,  which 
is,  therefore,  also  in  the  plane  of  the  meridian.  The  extremities 
of  this  axis  project  beyond  the  chairs  and  the  piers  on  each 
side,  and  the  transit  telescope  is  keyed  on  to  one  of  them,  while 
a  counter*weight  is  keyed  on  to  the  other.  The  telescope, 
having  its  line  of  coUimation  adjusted  at  right  angles  to  the 
horizontal  axis,  revolyes  with  this  axis  outside  the  piers,  in 
the  same  manner  exactly  as  the  transit  telescope  reyolves 
between  its  piers;  and  as  the  line  of  collimation  of  the  latter 
moves  in  the  plane  of  the  meridian,  that  of  the  transit  tele* 
scope  of  the  present  instrument  moves  in  the  plane  of  the 
prime  vertical 

Adjustments  are  provided  in  connection  with  the  two  chairs, 
one  of  which  raises  and  lowers  the  axis,  and  the  other  moves  it 
in  azimuth,  similar  exactly  to  those  described  in  the  case  of  the 
transit  instrument  (2399.),  et  seq.  By  these  means,  and  by 
proper  levels,  the  axis  is  rendered  truly  horizontal,  is  brought 
exactly  into  the  plane  of  the  meridian,  and  the  line  of  collima- 
tion is  brought  to  coincide  with  the  plane  of  the  prime  vertical 
by  other  expedients,  similar  in  principle  to  those  adopted  in  the 
pase  of  the  transit  instrument 

The  instrument,  mounted  on  the  piers,  is  represented  in 
plate  XXXIY.,  as  seen  from  the  west,  projected  on  the  plane  of 
the  meridian,  the  telescope  being  on  the  north  side,  and  placed 
so  that  the  line  of  collimation  is  directed  to  the  zenith.  The 
telescope  has  7  feet  7  inches  focal  length,with  an  object-glass  hav- 
ing a  clear  aperture  of  6*25  inches.  The  magnifying  power  com- 
PQonly  u^ed  is  270.  In  the  eye-piece  a  system  of  seven  paralleJ 
yertic^  micrometer  wires  is  fixed,  siniilarly  to  those  of  the 
transit  instrument  (2396.),  and  is  similarly  used  with  rela- 
tion to  the  clock,  as  already  described  in  the  case  of  the  latter 
instruments  A  lamp  is  placed  at  a  convenient  distance  from  the 
centre  of  the  telescope,  the  light  of  which,  admitted  by  a  plate 
of  glass  fixed  in  the  side  of  the  tubCi  is  received  upon  a  small 
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reflector  at  45^  wiihin,  and  reflected  along  Uie  tube,  so  as  to 
'illuminate  the  wires  at  night 

To  enable  the  obsenrer  to  direct  the  tdesoope  to  any  required 
altitude,  a  small  telescope,  called  ^Jimder^  is  fixed  to  the  out- 
side of  the  great  telescope,  near  the  eye-piece,  having  attached 
to  it  a  graduated  circle,  the  plane  of  which  is  parallel  to  the 
prime  vertical,  and  also  a  leyel.  The  line  of  collhnation  of  the 
finder  being  ptrallel  to  that  of  the  great  telescope  when  the 
former  is  directed  to  any  altitude  by  means  of  the  level  and 
graduated  circle,  the  former  will  be  similarly  directed*  This 
finder  appears  in  the  drawing  outside  the  telescope,  and  a 
counterpoise  to  it  is  represented  on  the  inside. 

The  process  of  reversion  of  the  horizontal  axis,  which  in  the 
transit  instrument  is  only  used  for  the  purpose  of  adjustment 
(2400.),  constitutes,  in  the  case  of  the  prime  vertical  instnunent, 
an  essential  part  of  every  observation.  It  was,  therefore,  of 
the  greatest  importance  that  an  easy,  expeditious,  and  safe  ap- 
paratus for  reversion  should  be  provided.  Thb  was  contrived 
with  great  ingenuity  by  the  makers,  and  attended  with  the  most 
successful  results,  results  to  which  M.  Struve  ascribes  a  great 
share  of  the  advantage  obtained  by  this  instrument  A  part  of 
this  apparatus,  by  which  the  horizontal  axis,  with  the  tele* 
scope,  counterpoise,  and  their  accessories,  is  elevated  from  the 
chairs,  is  represented  in  the  drawing  above  the  instrument  The 
two  cords  of  suspension  being  attached  by  hooks  to  two  points 
on  the  axis  at  equal  distances  from  its  centre,  so  as  to  main- 
tain the  equilibriuni,  the  instrument  is  elevated  by  means  of  a 
windlass  established  on  the  floor  below  it  and  between  the 
piers.  When  raised  to  the  necessary  height,  it  is  turned 
through  half  a  revolution  in  azimuth,  so  that  the  ends  of  the 
axis  are  brought  directly  over  the  chairs,  into  which  they  are 
then  let  down.  So  perfect  is  the  performance  of  this  apparatus, 
that,  notwithstanding  the  magnitude  and  weight  of  the  instru- 
ment, the  whole  process  of  reversion  is  completed  in  sixteen 
secdnds ;  and  the  interval,  from  the  moment  the  observer  com- 
pletes an  observation  with  the  telescope  on  the  north  side,  to  the 
moment  he  commences  it  on  the  south  side,  including  the  time 
of  rising  from  the  observing-couch,  disengaging  the  clamps, 
withdrawing  the  key  from  the  micrometer,  reversing,  direct- 
ing the  instrument  on  the  south  side  to  the  object  by  means  of 
the  finder,  closing  the  clamps,  returning  the  key  to  the  micro- 


Digitized  by 


Google 


REMARKABLE  ASTROKOMICAL  INSTRUMENTS.    829 

meter,  and  placing  liimself  on  the  observing-coucH,  is'onlj  80 
fieconds. 

How  essential  to  the  practical  use  of  the  instrument  this 
celerity  is,  will  be  understood  when  it  is  st^ed,  that  the 
same  object  which  has  been  observed  on  one  side  must  be  also 
observed  on  the  other  in  the  same  transit.  The  reversion, 
therefore,  must  be  completed  in  less  time  than  that  which  the 
object  takes;  by  the  diurnal  motion  to  pass  over  the  space  com- 
manded by  the  field  of  the  telescope  in  the  two  positions. 

To  comprehend  the  method  of  applying  this  instrument'  to 
the  purposes  of  practical  observation,  it  is  necessary  to  remem* 
ber  that  it  is  only  applicable  to  objects  moving  in  parallels  of 
declination  which  intersect  the  prime  yertical.  Such  objects 
must  have  northern  declination  (the  instrument  being  supposed 
to  be  established  in  a  place  having  north  latitude),  and  a  polnr 
distance  greater  than  that  of  the  zenith  of  the  observatory, 
that  is  to  say,  greater  than  its  co-latitude.  The  parallels  over 
which  such  objects  are  carried  by  the  diurnal  motion,  all  in* 
tersect  the  prime  vertical  at  two  points  of  equal  altitude,  one 
on  the  eastern,  and  the  other  on  the  western,  quadrant  of  that 
circle.  In  passing  from  the  east  point  of  intersection  to  the 
west  point,  the  object  passes  over  the  meridian,  and  it  is  evi- 
dent that  the  moment  of  its  meridional  transit  is  precisely  the 
middle  of  the  interval  between  its  two  prime  vertical  transits. 
If,  therefore,  the  exact  times  of  the  latter  be  observed,  the  time 
of  the  meridional  transit  can  be  deduced  by  a  simple  arith- 
metical process. 

To  prepare  the  instrument  for  observation,  let  the  polar 
distance  of  the  object  about  to  be  observed  be  taken  from  the 
Tables.  Let  it  be  expressed  by  v ;  let  the  co-latitude  of  the  ob- 
servatory, or,  what  is  the  same,  the  polar  distance  of  the  zenith, 
be  X;  and  let  the  zenith  distance  which  the  object  must  have 
when  it  comes  on  the  prime  vertical,  be  z.  These  three  arcs, 
v,  X,  and  Zy  form  a  right-angled  spherical  triangle,  the  right- 
angle  being  included  by  X  and  z.  Let  the  angle  at  the  pole, 
or  the  hour  angle,  be  h.  We  shall  then,  by  the  elementary- 
principles  of  trigonometry,  have 

cos.  w  /i  \  .1       tan.  X  /<>  \ 

cos.  z  = (1.) ;  cos.  h  = (2.). 

COS.  X  tan.  v  ^    ^ 
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which  the  object  will  croii  the  prime  yertical  is  known.  The 
obterver,  bj  means  of  the  finder,  and  the  circle  and  lerel  at- 
tached to  it,  directs  the  great  telescope  to  that  j^enith  distance 
on  the  eastern  quadrant  of  the  prime  vertical ;  and,  although 
the  exact  position  of  the  object  is  the  thing  sought,  its  ap- 
proximate position  is  already  known  with  that  degree  of  pre- 
cision which  ensures  its  passage  through  the  field  of  the  instru- 
ment when  it  is  set  to  the  zenith  distance  given  bj  the  calcu- 
lation made  from  the  tabular  polar  distance. 

When  the  telescope,  being  on  the  north  side,  is  thus  directed 
and  clamped  in  its  position,  the  observer  awaits  the  transit,  the 
time  of  which  he  already  knows  approximately  by  the  formula 
(2.),  which  gives  the  hour  angle  from  the  meridian  when  the 
object  is  over  the  prime  verticaL  At  the  near  approach  of  the 
transit  he  places  himself  on  the  observing-couch,  and,  seeing 
the  object  enter  the  field,  notes  the  moments  by  the  dock  of  its 
transits  over  the  seven  wires  of  the  micrometer.  Let  these 
times  be  expressed  by  t„  t„  Tj,  T4,  Tj,  t^,  and  T7. 

The  moment  the  transit  over  the  seventh  wire  has  been 
observed  he  rises  and  performs  all  that  is  necessary  for  the 
reversion  of  the  inBtrument^  which  being  completed,  he  again 
places  himself,  and  observes  the  transits  over  the  seven  wires 
on  the  south  side ;  but  in  this  case,  owing  to  the  change  of 
position,  the  order  of  the  transits  is  reversed.  Let  the  times  of 
transit  be  expressed  by  ip  i^  ^5,  t^  t^  t^  and  i^. 

Now,  it  is  evident  that  the  true  moment  of  the  transit  over 
the  prime  vertical  will  be  found  by  taking  a  mean  between  the 
times  of  the  transits  over  all  the  wires  at  both  sides.  If  this 
time  be  expressed  by  t',  we  shall  then  have 


1^  = 


Tj  -f  Ta  -f  .  >  >  -f  Ty  +  ^  4-  ^6  H-  .  .  .  H-  ^1 
li 


These  observations  being  completed,  the  observer  awaits  the 
transit  of  the  object  over  the  western  quadrant  of  the  prime 
vertical,  when  he  makes  a  similar  series  of  observations  on  the 
transits,  first  with  the  telescope  on  the  south  side,  in  the  po« 
sition  it  had  at  the  last  observation,  and  then^  after  reversion, 
at  the  north  side.  The  true  moment  of  the  transit  is  found,  in 
this  case,  in  the  same  manner  as  in  the  former. 
By  taking  a  mean  of  these  two  means,  or,  what  would  1  be 
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equivftlenty  a  mean  of  the  times  of  all  the  twentj-eight  transits, 
the  time  of  the  meridional  transit  will  be  obtained. 

The  total  length  of  the  interval  necessary  to  obserre  the 
transits  over  the  wires,  north  and  south,  in  each  quadrant  of 
the  prime  vertical,  is  found  to  be  about  eleven  minutes,  less 
than  1^  minute  of  which  is  employed  in  the  reversion  of  the 
instrument  and  attendant  arrangements. 

The  time  which  elapses  between  the  observations  on  the 
eastern  and  western  quadrants  of  the  prime  vertical,  will  neces* 
sarily  vary  with  the  polar  distanced  of  the  object,  and  will  be 
less  in  proportion  as  excess  of  that  distance  above  the  co« 
latitude  is  less.  The  observations  which  have  been  made  with 
this  instrument  at  Pultowa,  have  been  chiefly  confined  to  stars 
whose  polar  distance  exceeds  the  co-latitude  by  less  than  2^. 
In  that  case,  the  interval  between  the  observations,  east  and 
west,  would  be  less  than  three  hours. 

Professor  Struve  notices,  in  strong  terms,  the  advantage 
which  this  instrument  possesses  over  others  in  respect  to  the 
errors  arising  from  the  variation  of  the  inclination  of  the 
line  of  coUimation  to  the  axis  of  rotation.  In  the  prime 
vertical  instrument,  the  deviation  of  the  line  of  coUimation 
from  true  perpendicularity  to  the  axis  of  rotation,  is  assumed 
to  be  invariable  only  during  the  short  interval  of  a  single 
observation,  whereas,  in  other  instruments,  its  invariability  is 
assumed  for  twelve  hours,  and  in  some  cases  for  months,  and 
even  years.  It  has  the  further  great  advantage,  that,  by  rever- 
sion in  each  quadrant,  east  and  west,  all  optical  imperfections 
which  affect  the  precision  of  the  image  of  the  star  are  abso- 
lutely annihilated.* 

3402.  TroughtofCs  altitude  and  azimuth  circle, — The  form 
of  instrument  best  adapted  to  render  the  principle  of  altitude 
and  azimuth  instruments  in  general  intelligible,  is  that  which 
is  represented  in  Plate  XXXV.  This  circle  was  originally 
constructed  by  Troughton  for  the  Royal  Academy  of  St  Peters? 
burg;  but,  at  the  time  of  tile  invasion  of  Russia  by  the  French, 
the  fear  that  Petersburg  might  be  exposed  to  the  same  dis^r 
asters  as  Moscow  induced  the  Russian  authorities  to  relinquish 
their  claim  on  the  instrument,  and  it  passed  into  the  hands  of 

*  For  a  detailed  account  of  the  Pultowa  prime  vertical  instrument,  see 
Description  de  TObservatoire  Astronomique  de  Pultowa,  par  F.  G.  W.  Struve. 
Also  Astronom.  Nachrichten,  No.  468,  €t  teq. 
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Dr.  Pearson,  tt  whose  private  observatory^  at  IQlworthy  it  wad 
erected  Owing  to  the  indisposition  of  l^onghton,  the  gradoa^ 
tion  of  the  limbs  was  executed  bj  Jones. 

The  drawing  presents  tlie  circle  so  that  all  the  important 
parts  of  it  are  visibla  The  instrument  is  supported  on  the 
capstone  of  a  strong  stone  pedestaL  Upon  this,  the  fixed  parts 
of  the  instrument,  upon  which  it  reyolves  in  azimuth,  are 
firmly  established*  They  consist  of  a  solid  vertical  cone,  ter* 
minating  below  in  an  hexagonal  solid  mass  of  metal,  each 
vertical  face  of  which  measures  3  inches  square.  From  this 
proceed  four  radial  cones,  three  of  which,  at  angles  of  120^ 
with  each  other,  are  supported,  on  the  stone  pedestal,  by  feet 
supplied  with  a4justing  screws,  by  means  of  which  the  instra- 
ment  is  levelled.  The  fourth  radid  cone,  which  forms  an  angle 
of  60**  with  two  of  the  others,  carries  a  clamp,  which  vrill  be 
presently  noticed. 

The  moveable  part  of  the  instrument  terminates  at  the 
lower  part  in  a  hollow  cone,  which  appears  in  the  ^gure  be* 
tween  the  two  vertical  pillars,  with  which  it  is  connected  by  a 
metallic  collar.  This  hollow  cone  rests  upon  and  conceals  the 
solid  cone  already  described,  and,  turning  freely  upon  it,  gives 
to  the  instrument  its  azimuth  motion. 

A  horizontal  circle,  3  feet  in  diameter,  is  connected  by 
conical  spokes,  in  the  usual  manner,  with  the  lower  ends  of  the 
two  vertical  pillars  and  the  intermediate  hollow  cone. 

To  the  three  radial  cones  of  the  fixed  base  of  the  apparatus, 
at  angles  of  120^  are  attached  three  pieces,  which  rise  ver- 
tically outside  the  circle,  and  support  three  microscopes,  by 
which  the  azimuthal  angles  are  read  off.  This  position  for  the 
microscopes  gives  some  practical  advantage,  inasmuch  as  the 
observation  is  read  at  six  different  points  of  the  limb,  when  the 
observation  is  repeated  by  turning  the  circle  180^  in  azimuth. 
To  the  fourth  radial  arm  of  the  fixed  base  a  clamp  is  attached, 
by  which  the  position  of  the  instrument  is  maintained  in  the 
position  it  has  at  the  moment  the  6b8ervation  is  made.  This 
clamp  appears  in  the  drawing  with  its  tightening  screw  above 
it,  and  its  tangent  screw  for  giving  the  azimuth  circle  a  slow 
motion  to  bring  the  instrument  to  its  exact  position.  This  tan» 
gent  screw  terminates  in  a  square,  which  can  be  inserted  in  a 
square  hole  of  corresponding  magnitude,  connected  by  an 
universal  joint  with  a  rod  of  convenient  length,  which  thf 


Digitized  by 


Google 


REMARKABLE  ASliaONOMICAL  INSTRUMENTS.    83$ 

ebserver  holds  at  the  moment  of  the  oWrvation,  and  by- 
taming  which  the  whole  instrument  is  moved  slowlj  in 
azimuth. 

'  The  vertical  circle  consists  of  two  parallel  limbs,  having  tlie 
telescope  between  them,  constructed  and  connected  in  a  manner' 
exactly  similar  to  the  transit  circle  already  described ;  and  this 
circle  is  supported  on  the  two  vertical  pillars  in  the  same 
manner  exactly,  as  already  described  in  the  case  of  the  transit 
circle  (3399). 

.  One  only  of  the  two  vertical  circles  is  graduated,  being  di-' 
vided  as  well  as  the  horizontal  circle  to  5'.  The  clamp,  with 
its  tangent  screw,  is  placed  on  the  side  not  graduated.  The 
focal  length  of  the  telescope  is  44*4  inches,  and  its  aperture 
3^  inches. 

The  observations  of  altitude  are  read  off  by  four  microscopes, 
the  suppoi*ts  of  which  are  shown  in  the  figure.  Two  are  sup- 
ported by  arms  attached  to  the  vertical  pillar  on  the  graduated 
side  of  the  circle,  and  the  other  two  to  a  hoop  screwed  on  the 
pillar  and  to  the  arms  which  carry  the  two  former. 

The  instrument  is  provided  with  a  plumb-line  and  four 
levels,  by  which  its  proper  position  with  relation  to  the  vertical 
direction  can  be  always  verified. 

3403.  The  Greenwich  alt-azimuth  instrument.  —  This,  as 
the  name  imports,  is  an  altitude  and  azimuth  circle  in  principle 
similar  to  that  just  described,  but  in  its  construction  and  ap- 
plication different  from  any  instrument  of  its  class  hitherto  con- 
structed. The  purpose  chiefiy  to  which  it  is  applied,  and  with 
the  view  to  which  it  was  conceived  by  the  Astronomer  Royal,  is 
the  improvement  of  the  lunar  theory  by  multiplying  in  a  large 
ratio  the  observations  which  can  be  made  from  month  to  month 
on  the  moon,  without  in  any  degree  impairing  their  precision. 
Such  observations  were  always  made  with  the  mural  circle  and 
the  transit,  until  this  instrument  was  brought  into  operation, 
and  they  were  consequently  confined  to  the  meridional  transits 
of  the  moon.  Now,  these  transits  cannot  be  observed,  even 
when  the  firmament  is  unclouded,  for  four  days  before  and  four 
days  after  the  new  moon^  in  consequence  of  the  proximity  of 
that  body  to  the  sun ;  an  interval  amounting  to  little  less  than 
one-third  of  the  month*  Besides  this,  it  happens,  in  this  cli* 
mate,  that,  at  the  moment  of  the  meridional  transits  at  other 
paits  of  the  month,  the  observaMoo^  i»  frequently  rendered 


Digitized  by 


Google 


834  ASTROKOMT. 

impracticable  bj  a  donded  akj.  It  was,  thorefore,  highly  de. 
airable  to  contrive  acme  means  of  making  the  .observations 
in  extra-meridional  positions  of  the  moon. 

This  could  obviouslj  be  accomplished  bj  means  of  an  alti* 
tude  and  aximnth  circle,  saeh  as  that  described  above;  but 
such  an  instrument,  however  perfect  might  be  its  constructicn^ 
is  not  susceptible  of  the  necessary  precision.  The  Astronomer 
Bojal,  therefore,  conceived  the  idea  of  an  instrument  on  the 
same  principle,  which,  while  it  would  be  capable  of  shifting  its 
azimuth,  would  still  be  susceptible  of  as  much  precision  in  each 
vertical  in  which  it  might  be  placed,  as  the  mural  circle  has  in 
the  meridian.  He  accordingly  proposed  to  attain  this  object 
bj  adopting  adequate  engineering  expedients  to  produce  the 
necessary  solidity  and  invariability  of  form.  He  adopted,  as 
fundamental  principles  of  construction,  -— 

1.  To  produce  as  many  parts  as  possible  in  a  single  casting  | 

2.  To  use  no  small  screws  for  combining  the  parts; 
3*  To  allow  no  power  of  adjustment  anywhere. 

Following  out  these  principles,  the  instrument  represented 
in  Plate  XXXYL  was  constructed,  under  his  superintendence, 
by  Messrs.  Banseme  and  May,  engineers,  of  Ipswich;  the 
graduation  being  executed  by  Messrs.  Troughton  and  Simms : 
and  the  first  observation  with  it  was.  made  by  Mr.  Hugh 
Breen,  jun.,  one  of  the  assistants  at  the  Observatory,  on  the 
16th  of  May,  1847,  which  was  found  to  be  as  good  as  any  suc- 
ceeding observation. 

The  instrument  is  mounted  in  a  tower,  raised  to  such  a 
height  as  to  command  the  hoi*izon  in  all  directions  above  the 
other  buildings  of  the  Observatory,  except  on  the  side  of  the 
south-east  dome  and  the  octagon  room.  The  foundation  of  the 
instrument  is  a  three-rayed  pier'  of  brickwork,  carried  up 
nearly  to  the  level  of  the  floor  of  the  room  appropriated  to  the 
instrument.  Upon  this  pier  is  placed  a  cylindrical  stone  piUar, 
3  feet  in  diameter,  which  appears  in  the  drawing,  and  on 
which  the  instrument  is  placed.  This  pillar  and  the  pier  upon 
which  it  reposes  are  quite  independent  of,  and  unconnected 
with,  the  tower  ifithin  which  it  is  erected,  and  do  not  even 
touch  the  floor  of  the  room  through  which  they  pass. 

The  fixed  horizontal  azimuth  circle  is  solidly  established 
upon  this  stone  pillar.    It  is  a  .circle  3  feet  in  diameter,  the 
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rim  being  connected  with  the  centre  in  the  usual  if&j  hj 
spokes.  The  whole  is  constructed  of  hard  gun-metaL  .  In  the 
upper  surface  of  the  rim  a  circuhir  groove  is  left,  which  is 
filled  with  a  band  of  silver,  on  which  the  divisions  are  en* 
graved.  This  circle  is  divided  into  arcs  of  5'  continuonaljr 
from  0^  to  360^.  It  is  set  with  the  sero  towards  the  north 
and  the  numbering  of  the  divisions  runs  from  north  to  east, 
south  and  west.  This  asimuthal  circle  was  cast  in  a  single 
piece,  and  weighs  441  lbs. 

Attached  to  this,  and  concentric  with  it,  is  another  fixed 
horizontal  circle,  having  teeth  on  the  inside  edge,  in  which  the 
pinions  work  by  which  the  aaimuth  motion  is  given  to  the 
instrument. 

There  are  four  microscopes  placed  at  equal  distances  over 
the  graduated  arc,  which  are  provided  with  micrometers,  by 
which  the  observation  in  azimuth  is  read  off.  These  microscopes 
are  attached  to  the  instrument  so  as  to  revolve  with  it  Their 
reflectors  are  illuminated  bj  a  lamp  properly  placed. 

The  lower  pivot  on  which  the  instrument  turns,  is  supported 
on  a  point  in  the  stone  pillar  at  the  centre  of  the  azimuthal 
circle.  To  support  the  upper  pivot,  an  iron  triangle  is  esta- 
blished on  the  threC'rajed  pier.  On  each  side  of  this,  is  erected 
another  iron  triangle,  whose  plane  is  vertical,  and  whose  sides 
unite  in  a  vertex  which  forms  one  of  the  angles  of  a  corre- 
sponding triangle  above.  This  upper  triangle  supports  three 
radial  bars,  which  carry  at  their  point  of  union  the  Y  in  which 
the  upper  pivot  plays.  The  bars  of  the  lateral  triangles,  which 
are  apparent  in  the  drawings,  pass  the  holes  in  the  fioor  with- 
out touching  it. 

The  frame,  revolving  in  azimuth  and  carrying  the  instru- 
ment with  it,  consists  of  a  top  and  bottom  connected  by  vertical 
cheeks,  all  of  cast-iron.  The  supports  of  the  four  microscopes 
for  reading  off  the  azimuth  on  the  lower  circle  are  cast  in  the 
same  piece  with  these  vertical  cheeks. 

The  vertical  circle  carrying  the  telescope  is  3  feet  in  dia- 
meter, and,  like  the  azimuth  circle,  is  made  of  hard  gun-metaL 
The  aperture  of  the  object-glass  is  3f  in.  The  top  and  bottom 
of  the  instrument  each  carries  two  levels,  parallel  to  the  plane 
of  the  vertical  circle. 

The  dome  over  the  instrument  is  cylindrical,  with  double 
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tiiegf  between  which  the  air  pusses  fireely.    Its  diameter  & 
10  feet 

The  drawing  represents  the  instrument  as  in  use.  The  lad- 
der revolves  in  admuth,  with  the  instrument,  round  the  central 
pier, — to  facilitate  which  motion,  rollers  are  placed  under  it. 
Two  boards  are  attached  to  the  revolving  frame,  having  their 
edges  in  a  plane  parallel  to  that  of  the  vertical  circle*  The 
e/e  being  directed  along  these  to  view  the  object,  the  instru- 
ment is  placed  very  nearly  in  the  proper  azimuth,  and  the 
ielescope  is  then '  accurately  directed  to  ^e  object  by  the  ring- 
finder.  These  boards  are  omitted  in  the  drawing. 
:  The  drawing  has  been  reduced  from  an  engraving  prefixed 
to  the  **  Greenwich  Observations  for  1847,"  which,  however, 
was  originally  publish^  in  the  **  Illustrated  London  News." 

The  results  of  the  observations  made  with  this  instrumenf 
are  stated  to  have  fulfilled  all  the  anticipations  of  the  Astro' 
nomer  Royal,  as  well  as  to  the  number  of  observations  as  to 
their  excellence*  At  least  twice  the  number  have  been  made 
ind  of  equal  goodness  with  those  formerly  made  with  the 
meridional  instruments*  Some  have  been  made  even  with  a 
day  of  conjunction ;  and  Mr.  Main,  the  chief  assistant  at  the 
Observatory,  has  expressed  his  conviction  that  in  a  few  years 
observations  with  this  instrument  will  remove  all  the  defiden^ 
eies  which  still  remain  in  the  lunar  theory. 

3404.  The  Northumberland  telescope —  Cambridge  observa-' 
tory. — The  late  Duke  oi  Northumberland,  who  filled  during  the 
latter  part  of  his  life  the  high  and  honourable  office  of  Chan«r 
eellor  of  the  University  of  Cambridge,  presented  to  that 
university  this  instrument,  which,  successively  in  the  hands 
ef  the  Astronomer  Royal  and  Professor  ChaiUis,  has  contributed 
So  effectually  to  the  advancement  of  astronomical  science* 

The  instrument,  of  which  a  perspective  view  is  given  in 
Plate  XKXYir.,  together  with  a  view  of  the  building  in  which 
it  is  erected,  consists  of  a  refracting  telescope  of  19^  feet 
focal  length  and  11^  inches  aperture  equatoreally  mounted. 
The  polar  axis,  as  appears  in  the  drawing,  consists  of  a  system 
of  framing  composed  of  six  strong  deal  polea^  attached  at 
the  ends  to  two  hexagonal  frames  of  cast-iron,  the  centres  of 
which  support  the  upper  and  lower  pivots  on  which  the  tele* 
scope  revolves*  ThesQ  poles  at  the  middle  are  braced  by 
transverse  iron  bandsy  and  by  a  system  of  diagonal  rods  of  deal 
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nbatting  riear'tKe  middle  of  th^  polcfs. '  Thede  give  stiffness 
to  the  entire  franuDg  of  the  polar  axis  and  maintain  the  hex«- 
«gonal  frames  square  to  k»  Efficient  means  are  provided  tp 
give  elasticitj  to  the  supports  of  the  pivots  and  smoothness  t^ 
the  equatoreal  moticHh 

The  tube  of  the  telescope  is  made  of  well-seasoned  deal,  ^4 
attached  to  one  side  of  it  is  a  flat  brass  bar,  6  feet  long,  carry- 
ing a  small  graduated  arc  at  right  angles  to  it  at  one  end,  an4 
turning  at  the  other  on  a  pin  fixed  in  the  telescope  tube  at  a 
distance  of  30  inches  from  the  axis  of  revolution.  This  arc> 
which  is  called  the  declination  sector,  serves  to  measure  small 
differences  of  declination,  and  is  read  hj  a  micrometer  micros 
scope  fixed  to  the  telescope  tube. 

The  hour  circle,  which  measures  the  equatoreal  motion,  is  5^ 
feet  diameter,  and  is  so  arranged  that  it  can  be  clamped  to  the 
telescope,  or  disengaged  from  it,  at  pleasure.  It  has  two  indexes 
with  verniers,  one  fixed  to  the  support  of  the  lower  pivot,  and 
the  other  to  the  hexagonal  frame.  By  setting  the  latter  to  a 
certain  angle,  determined  bj  an  observation  of  a  star  of  known 
right  ascension,  the  telescope  can  be  directed  to  any  proposed, 
right  ascension  bj  means  of  the  other  index.  Observations  of 
right  ascension  can  be  made  to  1  second  of  time.  The  outer 
rim  of  the  circle  is  cut  into  teeth,  which  are  acted  on  by  an 
endless  screw  connected  at  pleasure  by  a  brass  rod  with  a 
large  clock,  by  which  a  motion  can  be  given  to  the  telescope 
corresponding  with  the  diurnal  motion  of  the  heavens. 

The  hour  circle  is  clamped  to  the  frame  of  the  axis  by  a 
tangent  screw  clamp  fixed  to  the  frame  itself,  by  means  of 
which,  with  the  aid  of  a  handle  extending  to  the  place  of  the 
observer,  he  can,  when  the  endless  screw  is  applied,  give  motion 
to  the  instrument  through  a  limited  space  upon  the  hour  circle. 
The  rate  of  motion  given  to  the  hour  circle  by  the  clock  is 
not  affected  by  this  movement  The  hour  circle,  therefore, 
going  according  to  sidereal  time,  small  differences  of  right 
ascension  can  be  measured  by  reading  off  the  angles  pointed  to 
by  the  moveable  index  before  and*  after  the  changes  of  position. 

The  dome  which  covers  the  instrument,  and  which,  as  well 
as  the  other  details  of  its  erection,  was  constructed  under  the 
direction  of  the. Astronomer  Royal,  who  was  then  the  Cam- 
bridge astronomer,  is  supported  so  as  to  revolve  on  free  balls 
between  concave  channels,  holdfasts  of  peculiar  construction 
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being  provided  to  obviate  the  eventuality  of  the  dome  being 
dislodged  or  blown  off  bj  wind  or  anj  other  uniuiud  dis- 
turbance. The  winch  which  acts  on  the  niaohinerj  for  turning 
the  dome,  is  carried  tq  the  observer's  chair,  so  that  he  can, 
while  engaged  in  a  long  observation,  turn  the  dome  slowly 
without  removing  from  his  position. 

The  magnitude  of  the  instrument,  and  the  consequent  exten- 
sive motion  of  the  eye-piece,  rendered  it  necessary  to  contrive 
adequate  means  by  which  the  observer  could  be  carried  with 
the  eye-piece  by  a  common  motion  without  any  personal  de- 
rangement which  might  disturb  the  observation.  This  is  ac- 
complished by  means  of  an  ingenious  apparatus  consisting  of  a 
frame,  of  which  the  upper  edge  is  nearly  a  circular  arc  whose 
centre  is  the  centre  of  the  telescope,  which  frame  traverses 
horizontally  round  a  pin  in  the  floor  exactly  below  the  centre  of 
the  telescope,  the  observer's  chair  sliding  on  the  frame.  The 
observer  can,  by  means  of  a  winch  placed  beside  his  chair,  torn 
round  the  frame  on  which  the  chair  is  supported,  and  by  means 
of  a  lever  and  ratchet  wheel  he  can  raise  and  lower  the  chair 
on  the  frame.  He  has  also  means  of  raising  and  depressing 
the  back  of  the  chair  so  as  to  give  it  the  inclination  he  may 
at  the  moment  find  most  convenient. 
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INDEX, 


flfWS;  of  rototkm  of  earth,  S357;«f  noon, 
S475 ;  of  iun,  S5J3.    See  Fertmrkathnt. 
Astmuth.  2344  ;  oompMS.  IfiSa 


Babbam.  dactro-roacMtle  mMithci,  1964 
Bagn^on,  aalvanic  sjttea,  187X. 

Bain**  elcctrcM^hcmlcal  tekgraph,  f  131 

Balance-wbcalt.  511 :  omnpaiMaUqp  oT  197S. 

BaHoon-aMcni  of  D«  Luc.  ftc^  7M ;  d«- 
•criberf,75& 

Bar,  macnellc.  I630i 

Barometer,  common,  714 1  water,  717; 
diagonal  and  wheel,  718 ;  extreme  Tarla- 
tlon«.  7S5 ;  rulet  ronnccted  with  the.  pre- 
dicting weather,  7S9i  mean  annual  height 
of.  iSH ;  etn^t  of  winds  on  column.  S2£)} 
diurnal  Tariatioot  o^  8SV4  j  eflbcC  of,  oo 
refraction,  'iViS. 

Battery,  electric,  1766 ;  voltak,  1859.  187& 
81*i 

Becqurrel,  galvanic  f}«tem,  1873;  electro, 
rhemical  retearche*.  Witi 

Beer,  otaeervationt  and  chart  of  moon.  9489 ; 
obterraf  ions  of  Venut,  ti6B8  \  diagramt  of 
Venus.  9689 ;  obMnratioot  of  Mars,  8712. 

Bells,  electric.  1798. 

Bessel,  researches  on  rings  of  Saturn,  9814. 

Billiards,  aptilicatioo  of  composition  and  re- 
solution of  motion,  183. 

Bite,  in  metaUworkIng,  Sfl9i 

Birds,  plumage  of,  its  uses,  ISStt. 

Blood,  composition  of,  46;  magnitude  of 
corpuscles,  47 ;  temperature  of.  In  human 
species,  1596. 

Bodies  (three),  problem  of,  5164.  ai6B;  (two), 
problem  of,  3167. 

Boiling  point,  1339.  1504. 

Bologna,  leaning  tower  of,  981 

Bond,  obsenratlons  on  Saturn,  9815. 

Boreal  fluid,  1624. 

Bramah's  hjrdrostatic  press,  618. 

Brewster,  Mr  David,  analysis  of  spectrum, 
1070. 

Brittleness,  133. 

BuUdingt,  meullk,  1366;  warming,  1385. 
1409 :  ventilation,  1395. 

Bulb,  thermometrlc,  1395 ;  liable  to  perma- 
nettt  change  of  capacity,  1343. 

Buusen,  galvanic  battery,  18GS. 


C. 

Calcium,  9097. 

Calliope.    See  PUmeioftU. 

CaloHc,  1318. 

Calorimeter,  I40P. 

Calorimetry,   1403 ;   method  of  solving  ca- 

lorimetric  problems,  IKJA. 
Camera  lucida,  1196;  obtcura,  1199. 
Caoutchouc  balls,  elasticity  of,  106. 
Cappooci's   observations  and   drawings   of 

spots  on  sun,  95ia 
CapsUn,  448. 
Cardinal  points.  9343. 
Cassegrain's  reflecting  telescope,  1914. 
Cassini,  observations  on  Venus,  96S7. 
Cavendish,  electric  barometer,  1893. 
Centrigrade  scale,  1335. 
Ceres.    See  Ptanetwd*. 
Chemical  effects  of  electricity,  1838L 


Chemistry,  dcccro-,  9051. 

ChevaUcr,  compound  universal  microscope^ 

1908. 
Children,  great  galvanic  plate  pile,  1891. 
Choroid,  1068. 1164^See  Ege. 


Ciliary  processes,  10^.    See  Erne. 
nrcle,  division  of,  9i2»i ;  vertical.  < 
declination,  9401 ;  K5ur, «. ;  mural,  9M7  ; 


arcle,  division  of,  9991 ;  vertical.  S34I ;  of 
declination,  94C  ""  "  ^  ~ 

galactic,  337a 

Cirrutt,  voltaic,  1904.    See  Electricity, 

Cleavage,  Jilanes  of,  64. 

Climate.  9178,  «tf  ««.  See  the  arverwJPlmtrtt 

Clio.    See  Plamctmds. 

Clodi,  astronomical,  9396. 

Clothing,  lu  properties.  159<>. 

Clouds,  &51 ;  electrical,  9966;  Indoctlve  ac 
tion  of  electric,  on  earth,  £^4 ;  ma^Hlabic, 
3^. 

Clusters  and  nehuls,  33^6;  dlatrilMitioa  of, 
3578;  constitution  of,  3379;  nebular  hy- 
pothesis, 3380 ;  forms,  apparent  and  real, 
of  clusters,  3381,  of  nebufae,  3Jf« ;  double 
nebula%  3383;  planetarv  nebulae,  33(<4; 
annular nebulw, 3385;  sptral  nrtHilar, 3 Mi 
number  of  nebolsp,  SS^  ;  remarlcable  ne- 
buUe,  3388;  large  and  irregular  netmlss. 
3:;89;  .rich  cluster  In  the  Centaur,  3S90; 
great  nebula  in  Orion,  33N1 ;  great  ne. 
Dula  In  Argos,3S99:  magelianic  douds, 
3391 

Coal-pit,  falling  down,  951 

Coercive  force,  1627. 

Cohe»ion,  efllwt  of,  on  gravity  of  molecules, 
963;  attraction  of,  350;  manilestvd  in 
solids  and  liquids,  355;  example  of,  356; 
attraction  of,  between  atoms  of  gases,  in. 
ferred.369. 

Coin,  why  stamped,  not  cast,  1461 

Cold,  gmteit  natural,  1473. 

Collimatiun,  line  of,  93U1  940a 

Collision,  effecu  of,  900 ;  of  two  bodies  in 
same  direction,  904;  in  contrary  direciioas, 
907 ;  of  equal  masses  with  equal  and  op- 
posite velocities,  909. 

Colours,  accidental,  1159. 

Coma.  3063. 

Combustibles,  1311. 1586;  illuminating  power 
of,  1590;  constituenu  of,  1591;  quanUty 
of  heat  developed  by,  159.1. 

Combustion,  1311.  1580;  does  not  destroy 
matter,  70;  agency  of  oxygen  in,  158a; 
explained.  1587  i  temperature  necessary  to 
produce,  1588. 

Comets,  3000 ;  cometary  orbits,  fh. ;  motioa 
of,  explained  liy  gravitation,  3009  ;  para- 
bolic  orbits,  3005 ;  hypertmlic  orbHs.  3006  ; 
move  in  conic  sections,  3009 ;  hyperbolie 
and  parabolic,  not  periodic,  3U11 ;  elliptic:, 
periodic.  3019;  many  recorded,  few  ob- 
served, 3016 ;  classifli-ation  of  orbits,  3017i 
elliptic,  revolving  within  oibit  of  Saturn, 
3018;  Enclt^s,  lb.  3091;  table  of  ele- 
ments  of  orbit,  3019 ;  indications  of  re- 
sisting medium.  3020;  would  ultimately 
fall  into  sun.  3099;  Biela's,  3095;  resolu- 
tion of  Bieta's  into  two,  3097;  FmyeH, 
3099 ;  De  Vlco*s.  3031 ;  Brorsen*a.  36S2  ; 
D' Arrest's.  3033;  cUiptlc,  of  1741 3034,  of 
1766,  3035;  Lexell*k,  3036;  analysis  of 
L<aplace  applied  to  Lexeirs,  3037;  revisioa 
of  these  researches  by  Le  Verrier,  3039  $ 
process  by  which  identification  of  periodic, 
may  be  decided,  3040 ;  probable  identity  of 
De  Vico's  with  that  of  1678.  3049;  Blain^ 
pain's,  of  1819,  3013;  Pons's,  of  t8l9, 
3014;  Pigott's,  of  1783,  3015;  FMees,  of 
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IHM,  S04fi  I  tabular  fjnoptU  of,  reTolvIng 
wHbIn  Saturn't  orbit.  :X>i7 ;  planetary  cha- 
racter of  orbit*,  3()49 ;  elliptic,  whose  mean 
dittancet  are  nearly  equal  to  that  of  Ura- 
nut,  3051 ;  oflong  tiertod*.  first  recognised 
M  periodic,  fb. «  Ha1ley*s  researches,  3053; 
Halley%  ib.  3098;  path  and  time  of 
perihelion  of  Halley*s,  calculated  by  Clai. 
raut  and  Lahinde,  3056 ;  disturbing  action 
of  a  planet  on  a,  explained,  3059 ;  efftet  of 
the  perturbing  action  of  Jupiter  and  Sa- 
turn  on  Halley's,  between  1682  and  1758, 
S06D ;  calculations  of  its  return,  3061 ;  U 
bular  synopsis  of  motion  of  Hal  ley  *s,  3063; 
Pons's,  or  1812,  3r64;  Olbers's,  of  1815, 
3065;  DeVicoVof  1846,3066;  Brorsen's, 
of  1847, 3067 ;  Westphal's,  of  1852,  3068 ; 
tabular  synopsis  of  motions  of  these  six, 
3lJ6i^;  ellipti<L  whose  mean  distances  ex- 
ceed limits  of  solsr  system,  3072 ;  twenty- 
one  elliptic,  of  great  excentricity  and  long 
period,  ib.;  hypertwiic,  3074;  parabolic, 
3075 ;  diftributioii  of  cometarr  orbits  in 
•pace,  3076 }  relative  number  of  direct  and 
retrograde,  3077;  inclination  of  orbits, 
3078;  directions  of  nodes  and  perihelia, 
3079 ;  distribution  of  the  points  of  peri- 
helion, 3080;  physical  constitution  of, 
3(!8I ;  apparent  form,  head  and  tail,  ib. ; 
nucleus,  3082 ;  coma.  3083 :  mass,  volume 
and  density.  3088;  light,  3089;  Struve's 
drawings  of  Hal  ley *s,  3093 ;  its  appear, 
ances  on  various  days,  £094,  et  $€q. ;  Sir  J. 
Herschel's  deductions  Arom  thcte  pheno- 
mena, 3103 ;  observations  and  drawings  of 
Mfil  Maclear  and  Smith,  3105 ;  number 
of,  3116;  duration  of  the  appearance  of, 
31 17  ;  near  approach  to  the  earth,  3118. 

Compass,  azimuth,  ItSjj  mariner's,  1651. 

Compensators,  1366. 

Complement,  2361. 

Component,  and  resultant,  correlative,  150, 
and  resultant  interchangeable,  153;  or. 
thogonal,  3130;  radial  and  transversal, 
3131 ;  tangential  and  normal,  3132;  posi. 
tive  and  negative,  3136 ;  eflbcts  of  the 
radial  of  the  disturbing  force,  313N; 
effects  of  the  transversal  of  the  disturbing 
force,  3153 ;  effects  of  the  orthogonal  com- 
ponent of  the  disturbing  force,  3158. 

ComiMwition,  of  forces,  144;  of  fo'ces  applied 
to  diSWent  points,  156;  of  motion,  165; 
examples  of,  174. 

Compression,  diminishe*  bulk,  89 ;  augments 
density,  ib.\  of  wood,  92;  of  stone,  93;  of 
.  metals,  94 ;  of  liquids,  95 ;  of  water  pioved, 
96  i  of  gases,  97  ;  of  vapour,  1499. 

Compressibility,  89 ;  all  bodies  compressible, 
9(». 

Condenratlon,  1S09. 1485;  of  vapour,  1514. 

Condenser,  electric,  1745;  principle  of, 
1746 ;  forms  of  Cnthbert»on*s,  1731. 

Conduction,  1313.  1519;  electric.  1710.  See 
Electricity* 

Conductibility,  1313. 

Conductors,  good  and  bad,  1519;  electric, 
1711  ;  connecting  galvanic  elements,  1887. 

Congelation,  1308. 1441;  latent  heat  rendered 
sensible  hy,  1437;  poinU  of,  1456;  of 
alcohol,  1471. 

Conic  sections,  2611. 

Cnnjunction,  2572;  superior  and  inferior, 
2576. 

Contraction,  1307.  1S66 ;  general  e0W;ts  of, 
1 13;  of  solids,  1302 ;  of  mercury  in  cooling, 

•  1464.  .  .  I 

m. 


Copemtcan  system,  944.1 

Cordage,  strength  of,  5e6ii 

Cornea,  1065.    See  Effe 

Corpuscles  of  bloo<<«  47. 

Coulomb's  eleotrotfcope,  1756. 

Couple,  defined,  160 :  mechanical  elftct  of, 
161 ;  equilibrium,  162. 

Coumnne  des  tastes,  1882« 

Crank  described,  51.5. 

Cro«se*s  electrtvchemical  researrhes,  2076. 

Cniikshauk's  galvanic  arrangement,  1883. 

Crystals,  uni.£ciaL  1255 ;  bi-axial,  1257. 

Crystallization,  indicates  existence  of  ultl. 
mate  molecules,  60 ;  process  of,  61. 

Crystallised  stat&  some  bodies  exist  natu- 
rally in,  63. 

Crystalline  humour,  1087.    See  Sue- 

Currents,  atmospheric,  cau^  of,  1389;  vol- 
taic,  1901.  See  Klectrieiiy.  Rectilinear. 
1907;  indefinite,  ib.\  closed,  ib.',  circular 
or  spiral,  ib. ;  circulating,  19(^7;  spiral  and 
heliacal,  1940 ;  thermo-electric,  2037. 

Cuthbertaon*s  electric  condenser,  1751. 


D. 

Dance,  electric,  1795. 

Daniel's  constant  battery,  1867. 1895 ;  hygro- 
meter, 2245. 

Davy,  galvanic  pile,  1889 ;  eitperiments  in 
electro-chemistry,  2083;  method  of  pre- 
serving copper  sheathing,  210].  See  Elec 
trieity. 

Dawes  s  observations  on  Saturn's  ring,  281 S , 
of  solar  eclipse  of  1851,  2936. 

Day-  civil,  t4ft2. 

Declination.  1655  2452;  In  different  longi. 
tudes,  '6':2;  observed  at  Paris,  1667. 

Defiagrator,  galvanic,  1892.  2135. 

Delarive*s  floating  clectro-magnetic  tqppa- 
ratun,  1^57. 

Deluc'fl  galvanic  pile,  1897. 

Density,  74;  determined  by  proportion  of 
mass  to  pore^,  76 ;  and  porosity  co  relative 
terms,  77  ;  examples  of,  81 :  eflfcct  of  re- 
lation of  different  strata  of  same  liquid, 
1398;  relation  of  specific  heat  to,  1417; 
of  earth,  2372 ;  of  moon,  2481  ;  of  sun, 
253i ;  to  determine,  2516.  See  .Vim,  Moon, 
Planets,  the  several  Planets,  Planetoftts, 
Comets. 

Dew.  principles  of,  1577.  2248 ;  point,  2240. 
8244. 

Diameter  of  moon,  2468 ;  to  determine  real, 
2632.  See  Sun,  the  several  Planets,  Moon. 

Dinthermanuus  media,  1315.  1566. 

Dilatabilily,  99. 

Dilatation,  l:i(i7 ;  by  temperature,  1 10;  of 
liquids  in  thermometeri>.  111  ;  uaefbl  ap. 
plication  of,  to  metal,  112 ;  general  effects 
of,  113;  of  mercury,  rate  of,  1.S38 ;  of 
solids,  1355;  of  gases,  IS74;  of  gate* 
differs  with  change  of  pressure  and  tem- 
perature, 1381 ;  of  liquids^  1391 ;  rates  of, 
of  liquids.  1392. 

Dip,  luies  or'  equal,  1658;  local,  1664;  ob- 
served at  Paris,  1667. 

Dipping-needle,  16.i2. 

Direction  of  foice,  146;  of  motion  in  curve, 
165;  resultant  of  two  motions  in  same, 
171;  in  oMiosite,  172;  in  different,  173; 
vertical,  2^8. 

Discharging-rod,  1742. 

Distance,  ol  sun,  2456;  moon,  2466:  mean 
of  planet,  2605 ;  extreme  and  mean  of 
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pbn«li  from  nm-umi  Mivtli,  WS 

hdUm   and  aph^km,  S986t      ' 

flxcd  ttan.  Si9i.    Sw  Hmm 

PinnetM. 
Di«tlllation,  dcatractlva,  72. 
Dialributor.  clwUD-augiMCte,  ISCS. 
DiTing-MI,  7ffi. 
DtvitiMlity.  88 ;  u^iMinited,  50.  of  water,  99; 

of  other  Iwdiei,  SI:  example*  nt^  SS;  roU 

Bate,  proved  by  eoloiu;  5i«  of  muck,  S% ; 

#bown  t»y  taate.  54. 
Ductility,  IStf;  diAn  from  malleabiUty,  laa 
Dnnltln,  obserratioM  of    Kilar  edipie   of 

1851,  i»31. 
Diitcb  tears,  148S. 


E. 

Earth,  proof  of  diuntal  rotation  of,  by  com- 
position  and  resolution  of  motion,  IM; 
great  reservoir  of  Diomentum,  2ii5;  at. 
tracU  all  bodies,  ScJl;  and  planeu  once 
fluid.  a')9 ;  teiuiicrature  of  globe  of,  1540 ; 
analogy  of,  to  magnet,  1610. 1657;  direction 
of  magniHic  attraction  of,  1965 ;  magne- 
tism, iA)St>. 

,  2J11 ;  rotundity,  form,  and  dimen- 
sions, ib.  t37S;  length  of  a  second  of, 
2319;  dinmcter,  93'il;  superficial  Inequa- 
lities, 2.12^;  dimension*  of  atmosphere, 
S3i3 ;  moUon,  23^  24S7;  rotation,  8:>I8 ; 
Foucault's  demonstration  of  rouiion, 2.153; 
axis,  2:137 ;  equator,  poles,  and  meridians, 
2358 ;  hemlsi>l)eres,  ib. ;  mass  and  den. 
sity,  2372.  2391 ;  figure,  2373 ;  ellipticity 
of,  2381;  variation  of  gravity,  2386;  linear 
dimensions  2389;  volume  and  weight, 
2-KH;  annual  motion,  2427.  2438;  the 
diurnal  and  annual  phenomena  explained 
by  the  two  motions  of,  2150;  orbit,  2459; 
perihelion  and  aphelion,  2462;  variations 
of  temperature,  9463;  dog-days,  2i6i; 
as  seen  irom  moon,  24tf7. 

Ebullition,  1504. 

Echoes  explained,  879. 

EclipM>,  &9US. 

_  (Joviiin  system\  8950 ;  of  the  satel- 
lites, S952;  occulutioos  of  satellites  by 
planet,  2954;  transits  of  satellites  over 
planet,  iU55 :  motion  of  light  discovered, 
and  its  velocity  measured,  by  means  of 
these  eclipses,  vm. 

(lunar),  2940  ;  cause,  ib.  ;  condi- 
tions of,  294S ;  lunar  ecliptic  limits,  2tH3 : 
total,  2944 ;  relative  number  of  solar  and 
lunar,  2946;  efftcts  of  earth's  penumbra, 
2947;  effect*  of  rerractiou  of  earth's  at- 
mos|)here,  2948. 

(solar),  29119;  annular,  2913;  efflwU 

of  parallax,  2915:  shadow  produced  by 
opaque  globe,  2916;  penumbra,  2918; 
solar  ecltiitic  limits,  2922:  appearances 
attending  solar,  2923 ;  liaiiy's  beads,  2926; 
solar  eclipse  of  1851.  2929;  otvcrvations 
of  Astronomer- Rovalor,29J0;  observations 
of  MM.  Dunkin'and  Humphreys.  2931, 
of  W.  Gray,  2932.  of  M  M.  Stephenson, 
and  Andrews,  2933,  of  Mr.  I^assell,  2934; 
of  Mr.  Hind.  2935,  of  Mr.  Dawes,  2936 ; 
effbcts  of  total  obscuration,  29J7 ;  evidence 
of  a  solar  atmosphere,  2938 ;  relative  num- 
ber of  solar  and  lunar,  2916. 

Ecliiitic,  2429. 

'^geria.    See  Pianeioidt. 

Mcity,  99. 125  i  of  gases,  100  j  of  Uquids, 


fOU  of  aolida.  103;  St  iewry  Mb,  M5; 
of  caoutchouc  balls,  106;  steel  sprii^s, 
lift ;  limUs  of  force,  108 ;  of  torsion,  lot ; 
ellbeu  of,  128;  not  ptoportional  to  ttaad- 


IMS«tl^ 

leArkatl 


ISO;  perfect  and  imperfect,  214. 
ctiona  and  Enmlsions,  1~ 
1735.    Seeito^oica. 


Elect! 


Electric  lamps  S146. 

light,  214S. 

Electricity,  16B6;  attraction  and  i 
ib.i  origin  of  name,  1697;  fl«    . 
positive  and  negative.  169P :  single  electric 
fluid,  1700 ;  two  fluids,  1701 ;  vUreova  and 


b-ittory,     1870;     Wheatstone's     system, 
1871;     Bagration's   system,    1872;   Bee- 

Suerel's  system,  1873;  SchSnbein's  mo> 
iflcation  of  Bunseu*s  battery,  1&74; 
Grove's  gas  electro-motive  apparatus, 
187-'^  i  VoUa's  inventiouof  the  pile.  1876  ; 
coufonne  des  tarscs,  re82 ;  Cruikkhank's 
arrangement,  1883 ;   Wollaston*k  arrange. 

ment,  IST"      -  -      •     ■ '  --      • 

Sciences  j 
necting  i 
piles,  18S 
pile,  1890 
1891;  Ha 
deflagrati 
batteries 
1&93:  dr 
Zamboni 
metal,   1: 
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1900;  voltaic  current*.  I90l ;  direction  of 

•  ctirrent,  1908  j  poles  of  pile,  19(J8 ;  voliaic 
circuit,  190* ;  method  of  eoattng  con- 
ducting wire*.  1909;  supporU  of  wire*, 
1910}  Ampdre*s  methetd  to  revene  current, 
1911  ;  P«td*i  reoCTope,  I91£;  electrode*, 
191S ;  Ampere's  appMvtu*  for  supporting 
•novaMe  oorrente,  191ft x  reciprocal  In-, 
fluenee  of  rectilinear  currents  and  maa-; 
nets,  1916;  eleotro-nuifneCiaRi,  1917  ;t 
cfl^  of  shock  on  bodies  recently  deprlTed , 
of  life,  2150  ;  on  a  leech,  *.;  exdution' 
of  neives  of  taste,  S151,  of  nerves  of. 
■iiTht,  2152,  of  nerves  of  hearing,  2153 ; 
supposed  sources  of  electricitv  in  animal 
organisation,  2154;  electrical  Ashes,  2155 ; 
profwrties  of  the  torpedo,  2156;  the. 
electric  organ,  2159 ;  atmospheric,  2259 ; 
observations  of  Queteiet,  £262;  Komas*s 
experiments,  2266;  inductive  action  of 
electric  clouds  on  earth,  2SrF4 ;  Ailgurites, 
«275. 

Electricity,  thermo-,  2036:  thermo-electric 
current,  20S7 :  Pouillet's  thermo-electric 
Apparatus,  9042;  conducting  powers  of 
raetfis,  2044 ;  thermo-electric  piles,  2049  : 
electro.chemistrv,  2051  ;  electrolytes  and 
electrolysis,  2o52i  Faraday's  electro- 
chemical nomenclature,  2Qu4;  positive 
and  negative  electrode,  2065;  electrolysis 
of  water,  2058  ;  Mitscherlich's  apparatus, 
*2U60;  compounds  susceptible  of  electro- 
lysis, 2068 ;  electro-negative  bodies,  2(/70 ; 
electro-positive  twdies,  2<>71 ;  researches 
of  Becquerel  and  Crosse,  9076 ;  Faraday's 
voltameter,  2079;  Farnday's  law,  2080; 
Sir  H.  Davy's  experiment*,  2G83;  Faraday's 
doctrine,  2087;  Peuillet*s  observations, 
2089 ;  Davy's  experiments  confirmed  by 
Becquercl,  2090 ;  liquid  electrodes,  2094 ; 
electrolysis  of  the  alkalis  and  earths, 
S096;  the  series  of  new  metals,  2097; 
Schdnbein's  experhnents  on  the  passivity 
of  iron,  2096 ;  tree  of  Saturn,  2100  -,  Davy's 
method  of  preserving  copper  sheathing, 
2101  ;  calorific,  luminous,  and  physio • 
logical  effects  of  to; talc  current,  2134 ; 
Hare  and  Children's  deflagrators,  21^; 
Wollaston's  thimble  battery,  21S6; 
Jacobi's  experiments  on  conduction  by 
water,  2!40 ;  combustion  of  the  metals, 
2141 ;  electric  Ught,  2143 ;  electric  lamps. 
2146L 

Electro-chemistry,  2051. 

Electrodes,  1913.  t055. 

Electrolysis,  20S2;  eompouodt  ituoeptible 
of,  2068. 

Electrolytes,  9052. 

Electrolytic  classiflcatiob  of  the  simple 
bodies.  20691 

Electro-magnets,  1969. 

Electro-magnetism,  1917;  apparatus  to  ex- 
hibit direction  of  force  impressed  by  a 
rectilinear  current  on  a  magnetic  pole, 
1922;  apparatus  to  measure  intensity  of 
such  force,  1923;  apparatus  to  Illustrate 
electro-roMgnetic  rotation,  1930:  Ampere's 
method,  1933;  reciprocal  Influence  of 
circulating  currents  and  magnets,  19S5 ; 
circulating  current,  ib.;  axis  of  current, 
1936;  spiral  and  heliacal  currents.  loiO ; 
Ami>^re  and  Delarive's  -~— — .-*  J^rn; ' 


magnets,  1969;  el 
employed  as  a  me 
elcctru-motive  po« 
Fronent,  1972;  el* 
constructed  by  hi 
ib.i  r^uhitor,  iS. 
breaker,  1980;  i 
chines,  1981;  eO^ 
ductive  currents  pr 
meullic  disks,  1964 
Herschel,  Babbag< 
influence  of  terr 
voltaic  currents,  19 
magnetic  atiractioi 
paratus  to  exhibit 
netii>ra,  1994;  Am 
reciprocal  influen< 
2004 ;  voltaic  thenr 
reoscopes  and  rcon 
tial  reometer,  20S4. 

Electro- magnetic  ind 

Electro-metallurgy, 
metallic  moulds,  2 
jects  in  solid  raetJ 
of  stereotypes  and 
metallising  textile 
graphy,  2125  ^  rcpi 
type,  2126. 

Electro-motive  force, 

E'.ectro-negative  bodi 

Electro-positive  bodi< 

Electrophorous,  1745. 

ElectHMcopes,  1753 ; 
1755;  Cotilomb's, 
gold  leaf,  1758 ;  ccr 

Electro. telegraphy,  S 
2128;  earth  best 
graphic   signs,     21 
2132;  electro-chcr 
Bain^  telegraph,  il 

Element-positive,  20i 
able,  3125. 

Ellipse,  method  of 
axis,  and  cxcentr 
minor  akes,  26:6; 
paralactic,  S296. 

Elongation,  2571. 

Endosmose,  286. 

Engine  (fire-),  7R2. 

Equator,  magnetic,  1 

,  thermal,  8172 ; 

terrestrial,  2358. 

Equatorial,  23S6L 

Equation,  annual,  311 
of  the  equinoxes,  S 

Equilibrium,  of  coti 
stable,  and  neutn 
302;  power  and  n 
cessarlly  implied, 
solute  rest  or  unifo 
of  floating  body, 
neutral,  674. 

Equinox,  vernal  an<! 
cession  of  the,  327i 

Erard's  piano,  exami 
in,  440. 

^momia.    See  Pirn 

Evaporation,  14f^; 
velAtied  In,  1494 ;  I 

Eye,  1082. 
Kscentrklty.   See 


J  epperatut;  V^  ;  \      fc««o»w,  <^'*l^^  **'< 

insUble   equilibrium   of  current?  i^l  •  \  Exosmosc,  286. 
rirht.handed    and    left^ianded     w  ^?lU  \  ta^^M^^^^  <^  <^ 
1958;  electfo^magnetic  iuductlotv  ^^^^ 
«avary*s    experlmeiits,     1966  .^»    \^^ 

•  %^ 
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FaculM,  MUr,  SJ45. 
Falling  bodv.  vthicity  of, 

time  of  foil,  S41. 
VdnAMj,  ekctre  nuffiMtIc  rmarrhw,  1961 ; 

•Icnro-dieniWal  nMnenclaCure,  905% ;  vol. 
.  9U79 ;  •Iwtfo.cbcokal  Uw,  ft«U. 


with 


Fata  MorfBiM,  IiiOO. 

Miamrnti,  organiavd,  mtnmwun  of,  4a 

Filtration,  85. 

Hre-cater^  fealf  of,  rsplafciMd.  1611. 

Fir»<«Mapca.  cxanplc  of  liullejr,  HBB* 

Fire-places,  1"5*^. 

Flrnuuncat,  ^^^9 ;  ftina  and  aMtlnn  of,  A, ; 
aspect  of.  ib. ;  ruUUoo  of.  2S3i.  V387 ; 
fonu  and  dlmeMlont  of  maM  of  sUn 
which  compose  visible,  SSriB;  galactic 
circle  and  iwles,  SS10;  galacUc  latlttide, 
id.  I  milky  way,  S37J :  probable  form  of 
stratum  of  stara  In  which  the  suu  is  placed, 
3.J75. 

Fishes,  motions  of.  In  liquids,  178  :  Irides. 
cence  of  scales  explained,  1890 ;  electric, 
2155. 

Flame,  1581^ 

Flexibility,  151. 

Flora.    See  fta$9rtoM», 

Florentine  experiment,  M. 

Fluid,  resistance  of,  615;  OMgnetk.  ]fi9i; 
electric,  IfiyS ;  positive,  1701 ;  negative, 
ib.  \  vitreous,  ib, ;  resinous,  ib. ;  experi- 
ments iiidicaling  speclOc  difcrence  be- 
tween two  electric,  18:21. 

Fluxes,  1474;  principle  of,  ib.\  applica- 
tion./». 

Fly-wheel,  516;  rMidating  efltct  of,  fb.x 
position  of,  Stf. 

Focus,  or  eUlpse,  24a0 ;  empty,  S806. 

Fog.,  8251. 

Force,  disturbing,  SI  19,  ei  $rq. 

Forces,  electrical,  laws  of,  I7f^ 

Fortune.    See  Pltmetokd$. 

Foucault's  demonstration  of  rotation  of 
earth.  SI5& 

Freeiiug  mixtures,  1467  \  apparatus,  1468. 

French  metrical  system,  19U7. 

FricUon,  555. 

Froment's  electro-magnetic  machine*.  1S78. 

Frost  (boar),  9249 ;  principles  of,  1577. 

Fulgurites,  9975. 

Fur,  minuteness  of  filaments  of,  aflbrds  an 
example  of  divisibility  of  matter,  4<X 

Fusee  (In  watch.work),5l8. 

Fusion,  ia06  ;  latent  heat,  1447  ;  points  of. 
1448;  substances  which  soften  before, 
1465 1  iuAuible  bodies,  ]47il 


O. 

Galileo,  anecdote  of.  710. 

Galilean  telescope,  1217. 

r.alvanism,  1844. 

Galvanometer,  S096. 

Gflxes,  compressibility  of,  97  {  elasticity  of, 
KJO;  expansibility  of.  102;  may  be  re- 
duced to  liquid  and  solMsUte,S61 ;  dilate, 
tlun  of,  1374 ;  liqueflMrtlon  of.  1425 ;  perma- 

.  nent,  1500  (  solMiflcation  of,  1501 ;  under 
extreme  pressures,  1508;  non-conductors 
ofheat.l52SL 

Glass,  minuteness  of  filaments  of,  36  ;  at- 
tracts water,  but  repels  mercury,  374. 

Globe  (celestial),  3335. 


Gl«ca, 


of.  37a 


Goy,  visible  on  loydMlooe,  55  ;  \mt^ 
«sof,43;  porous»84. 


ne«sof,i..  ^ 
Governor,  51U. 
Giariuation.  of  tbensMMMton,  1308  ;  of  py. 

ro»eters,1351. 
Orwriiy.  centre  of.  962.  MP;  speeMc,  7»  : 

tevrastfial,  227 ;  indioBied  by  ceftain  fteta, 

830;  specific  of  liquid,  119i|  soperflctet 

to    dc««nDiM,  9647.     See   the    seMnil 

FUmeU, 
Omvitatior,  961.1. 

OregoriaH  reficcttag  telescope,  uns. 
Orove*s  galvanic  battery,  1N6&  1895;   fas 

HectroHOotive  appavatua,  1875. 
Guinea  and  feather  experinent,  996L 


Hall,  9956 ;  hailstones.  9257. 

Halley's  researches  as  to  comets,  9063; 
comet,  ik.  H  tern. 

Hardness.  125. 

Hare's  deflagrator,  1899 ;  aplral  gahranic  ar. 
^angemmt,  1861. 

Harmonic  law,  262a 

Harmonics,  851. 

Harrison's  pendulum,  1370. 

Hearing,  organs  of,  explained,  856). 

Hearing,  trumpet,  88a 

Heat,  l;J04.  1318 ;  sensible,  1305 ;  insensible. 
1:106;  latent,  1436;  beating  liquid,  13B9: 
does  not  descend  in  liquid,  1400;  prou^a- 
tioo  of,  through  liquid  by  currents.  140!  ; 
quantitative  analysis  of,  1403;  necifie, 
1406;  uniform  and  variable,  1407;  de. 
velopment  and  absorption  of,  by  chetnical 
combination,  1426;  specific  of  simple 
gases  equal  under  same  pressure,  ltf7  t 
relation  between  specific  and  atomic 
weight,  1429;  rendered  latent  In  lique- 
faction,  1434 ;  latent,  rendered  sensible  by 
congelation,  14-57 ;  latent,  of  Aision,  1477  ; 
absorbed  in  evaporation  at  different  tern- 
peratures,  1511  :  radiation  of,  1543 ;  refiec 
tion  of,  1553;  absorption  of,  1558;  trans- 
mission of,  1563;  decomposition  of,  by 
absorption,  1567 ;  reftaction  of,  1570 ; 
polarisation  of,  16.;  qoaatity  of,  deve- 
loped  by  combustibles,  1503 ;  anhnaU  1585 ; 
experiments  to  ascertain  rate  of  develop, 
ment  of  animal,  1604;  total  quantity  of 
animal,  explained  by  chemical  laws,  160S ; 
sensation  of,  1606 ;  touch,  fillacious  mea- 
sure of,  1610;  terreetrial,  2160;  thermal 
phenomena  below  surface.  21891,  between 
surface  and  stratum  of  Invariable  ten. 
perature,  2194,  below  stratum  of  uniform 
temperature.  2196 ;  temperature  of  springs, 
2196 ;  thermal  condition  of  seas  and  lakca, 
SI97;  process  of  thawing,  219lf;  depth 
of  stratum  of  constant  temperature  in 
oceans  and  seas,  2200;  interchange  of 
equatorial  and  polv  waters.  9204 ;  polar 
ice,  2905 ;  icebergs,  29U7 ;  aolar  and  celea. 
lial,  2213  :  quantity  emitted  by  sun,  2214 ; 
solar,  at  the  earth,  2215 ;  at  sun*s  surface, 
2il7;  received  by  earth  Arom  odestial 
space,  2919;  summary  of  thermal  elftctt, 
2220;  solar,  9554^  960S.  See  PiameU,  the 
federal  Planet$. 

Hebe.    Hee  Pianetoidt. 

Heights,  fallen  through,  analysis  of,  944; 
tallen  from,  proportional  to  squares  of  Call, 
247}  of  fall,  funnulc  exptrsalng,  948; 
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■  from  which  bbdrfUU  In  a  Mcond.  949 ; 
-   why  CnU  from  graat,  not  ao  destructive, 

Heliacal,  galvanic,  pile  oTParU,  188a. 

Helicia.    ^  BteeiricUV' 

Helioroeter  (Oxford),  liSSfl. 

HcmMpbere  (celeitial),  S3.-J0. 

UeuderMin  (Profttior),  ducovenr  of  paral- 
lax of  •  CenUuri,  S908L 

Henchel,  Sir  Johu,  elcctro.inacneCic  re- 
searchea,  1^*84;  otMcrvatioiM  of.  moon, 
8i91 ;  otMervatlons  and  drawing*  of  clus- 
ters and  nebulK,  S388;  observations  and 
drawings  of  spots  on  sun,  S543 ;  hypo- 
thesis to  explain  solar  spots,  2552 ;  tele- 
scopic drawings  of  Jupiter,  v734 ;  deduc. 
tioiis  from  phenomena  of  Halley's  comet, 
3103:  astrometer,  SS20. 

F-^,  Sir  William,  observations  of  Venus, 
S687,  o(  Saturn,  2810;  observations  of 
double  stars  to  dbcover  stollar  parallax, 
SS55;  telescope  3305. 

Hind,  observations  of  solar  eclipse  of  1851, 
2J>S5l  ^     , 

Hodgklnaon's  experiments  on  strength  of 
timber,  at). 

Horizon,  23J1. 

Humboldt,  researches  as  to  snow-line,  9188. 

Humphrey's  observations  of  solar  eclip«e  of 
185t,8»3L 

Hurricanes,  2SS8. 

Hunter*s  screw,  501. 

Hydraulic  press,  BrlUnnia  bridge,  casting 
of,  1538. 

HydroHatIc  balance,  771. 

Hydrometer,  772. 

Hvgeia.    See  Planetoid*.  _ 

Hygrometer,  Daniel's,  2245 ;  August's,  2246 ; 

^  Sauasure's,  2247. 

Hygrometry,  2238  j  dew  point,  2240. 2244. 


Ice,  method  of  preserving,  1582 ;  productkin 
of  artlftcial,  I4fi8.  1579. 

«— ,  polar,  3^05 ;  extent  and  character  of 
ice-flelds,  StiOS  i  fabrication  oi;  225a 

Icebergs,  2207. 

Impact  of  elastic  body,  21& 

Impenetrability,  22. 

inactivity,  114. 

Incandescence,  1310. 

Incidence,  angle  of,  217. 

Inclination,  moon'k,  3280.  See  Lunar 
theorpt  Orbit,  Perturbatkm. 

Induction,  1632;  magneUc,  1630;  electric, 
1728 ;  efi^ts  of  electro-magnetic,  195ia 

Inequalities,  3184  ;  lunar.  See  Lunar  theory . 
General  summary  of  lunar,  3S26 ;  long, 
SV53 ;  secular,  3264.    See  Pertmrbatkmt. 

Inertia,  114;  defined,  115;  astronomv  sup- 
plies proofs  of  law  of.  119;  examples  of, 
120;  supplies  means  of  accumulating  force, 
524. 

Inflection,  1230. 

Influence  of  terrestrial  magnetism  on  vol- 
taic  currents,  1965. 

Infusible  bodies,  1475. 

Inlaying,  metallic,  1308. 

Insecta'  wings,  thinness  of,  42. 

Insulating  stools,  1714.  174L 

Insulators,  1713. 

Instrumenu      (remarkable     astrork^ 
339^i  Sir  William  Herschel'sfort?^t\\ 
fleeting  telescope,  3396  i  lesser  kj^'tfJ 


•^f 


scope,  3336 :  greater  Roi 
Oxford  heliometer,  3. 
transit  circle,  3399;  Gre 
cle.  3^) ;  PuUowa  prii 
Troughton's  altitude  ai 
3402 ;  Greenwich  a  I 
Northumbciland  telesct 

Intensity  of  force,  144. 

Interference,  836. 1230.  IS 

Irene.    See  Ptanetoidt. 

Irii1e<»cence  of    fish-scale 
1239. 

Isogonic  lines,  1663. 

Isoihermal  lines,  2169; 
2170. 

Ivory  balls,  elasticity  of, 
215. 


J. 

Jacobi's  experimcnu  on  < 

by  water,  2140. 
Jovian  system,  elements  < 
32^8 ;  analogy  to  terrc 
mutual  iierturbation  of 
trogression  of  lines  of  c 
three  satellites,  3231 ;  v 
tual  perturbations  upon 
motion  of  apsides,  3237 
joves  and  apjoves  of 
32J9;  value  of  excenti 
of  the  excentricity  o 
orbit  of  the  third  satel 
bations  of  the  fourth  si 
plicated  perturbations 
3244.  See  Pfrturbatio 
JunoL  See  PtanetoMs. 
Jupiter,  2729;  Jovian  s 
27^;  heliocentric  am 
2731 ;  distance,  2732  ;  < 
parallax,  2.34;  disU 
2735 ;  orbiUl  velocity, 
twcen  opposition,  con] 
rature,  2/37 ;  no  scni 
appearance  in  firmam 
stations  and  retrogress 
and  real  diameters,  2) 
dour  or.  and  Mars,  274 
lume,  2743;  solar  ligl 
rotation  and  direction 
vian  years,  2746;  seas< 
appearance,  2748;  bel 
drawings  of,  2754  ;  obs 
2755;  spheroidal  fon 
2757 ;  phases,  2758  ;  • 
lites,  2/i»  i  disunces 
harmonic  law  observe* 
tween  motions  of  fl 
2762,  and  their  longiti 
satellites,  2764;  appar 
tuJes,  2765;  parallax 
apparent  magi»itude  o 
liles,  2768;  satellites 
cumpolar  region,  ilti 
axes,  2770 ;  mass,  277 
tions,  2772;  density 
dcntities  of  satelUt 
gravity.  5775;  cenirl 
2776  i  variation  of  *\ 
equator  lo  po\e,^T 
Sa..r>.  See  Jootan 
(icrbatioiu. 
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lUUikm.  aOH. 

K«thod«»  »t.^ 

Kc«pm.  \m\. 

KepW'fl  Uwa,  90I3L 

Kinnenlejr't  HeetroiMtar,  I80a 

Kitp.flring,  188. 

Knee'jUnt.  iu«  of,  tbovB  by 


tb«  •flbetof 


L«k«i.  thtnnal  cvMMHt'on  cT.  9197. 
Lanp.  argand.  l.'SS ;  alcctrlc.  814ft. 
Land-spouU,  StSO. 
Laplace,  calorimeter,  1409 ;  theorems  of  re- 

latloM  between  cKceairicities  aod  lucUna- 

tioiu  or  pUneUry  orMta,  XTJO. 
Lardner,  opthahMMiMter,  1193;  correction 

of  preyailinf  errors  a*  to  uranograpby  of 

Saturn,  8846 ;  aatrometrr,  S99& 
Laaacll.  obaerrationa  on  Satunrs  riof*,  8813. 
Latitude,  tenmtrlal.  8250;  parallel  of,  8371 ; 

celeatial.  8437  i  libratloa  In,  8476 ;  galactic, 

3S7a 
LavoUler*«  calorimeter,  1499. 
]*air«  of  motion,  Newtoo't,  81ft 
Law,  harmonic,  SaSXk 
Leo*,  1087. 

Le  Verrier,  reaearcbes  m  to  Neptune,  fi886L 
Lever.  4S5w 

Leyden  Jar,  1760 :  improved  fbrro  o^  17A4. 
Libration.  In  latitude^  8476;  in  longitude, 

2477;  dlumal,8l7a. 


Light,  aoUr.  thermal  analyrii  of,  1541 ;  phy. 
.  tical  analvaia   of,    1546;   electric,  8143 
motion  of,  ditcovered   and   It*   velocity 


meaaured  by  edipies  of  Jupiter*!  Mtel- 
mei,8969.  SeetbeteweraiPimtKtStCimeis. 

Lightning.  896H :  conductors,  8878. 

Limits,  solar  eclipUc,  ft«8 ;  lunar  ccMptic. 
8943. 

Lines,  of  equal  dip,  1638 ;  agonic.  1661 ;  Iso- 
gonic,  16fS;   iaodynamlc,  1670;   isother- 

-  mal,  9169;  of  sysygy  and  quadrature, 
3188.  See  Ltmar  theorjf.  Of  nodes.  See 
Lwutt  tktoni, 

LiquefkcUon.  130a  1441  ;  of  gases.  148fi. 
1501 ;  thermal  phenomena  attending. 
1431 ;  facility  of,  proporUoned  to  latent 
heat.  1450;  of  alloys,  li&l 

Liquids,  mechanical  properties  of,  615; 
compression  of,  93  ;  cmitractii-ility  of,  S6 ; 
elasticity  of,  101 ;  dilatatioo  of,  in  thermo- 
meter, 111 :  momentum  of.  191 ;  maintain 
their  level.  648;  dllauUon  of.  1394; 
effects  of  temperatures  of  dlfl^rent  cli 
mat^  on.  1518 ;  non-conductors  of  heat, 
1588 ;  materials  fitted  for  vessels  to  keep 
warm,  1573. 

Loadstone,  1618. 

Longitude,  terrestrial,  8159;  method  of  de- 
termining. 8368  ;  celnUal,  V4  rj  ;  libra- 
tion  in.  8477 ;  of  perihelion,  8608.  See 
SpheroidaJ  pfrturbatfon*. 

T^ttin's  description  of  aurora  borealis,  8888. 

LubriranU,  368. 

Lucules  (solar).  8545. 

Luminous  efl^U  of  electricity,  1810. 

Lunar  theory,  3185;  lines  or  sysygy  and 
quadrature,  3188 :  annual  equation.  3194  ; 
acceleration  of  the  moon's  mean  motion, 
3195  i  efTect  upon  the  form  of  the  moon's 


ostM,  Sl9«;i 


n*s  Tartotion,  3197 ;  i 
▼,  3198 ;  eqtMtion  or  t 
nod  of  tnvestigaCk 


ralUctie  Inequality, ; 

oentra,  39U0;  method  of  investigaChM  the 

varlationa  of  dliptic  elemeim  of  lanar 


orbit,  3:01  i  eflfects  of  the  distarbing  f 
of  the  sun  on  the  other  el  t  wants  or  h 
orbit.  SJUi,  ti  teq. ;  eflbcts  of  tbo  disturb- 
ing fovce  upon  the  lunar  nodes  and  lacfi- 
nation,  3288.  et  $rq. ;  general  sumisaiT  of 
lunar  InaqnaHtles.  388S. 
Liitctia.    8—  PImntUiit. 


Machine,  simnle  and  complex,  419 ;  daaal- 
flcation  ol  simple,  480 ;  conditloB  of  equi- 
librium of,  having  flzod  axis,  491 ; 
conditioQ  of  cquilibriaB  of  Oezibieoonl, 
488,  of  a  velglit  upon  indinad  plane,  481 ; 
classification  of  mechanic  powers,  4d4; 
power  of  lens  expressed,  441 ;  complex, 
may  be  repreaaated  by  eqvivalent  com- 
pound lever,  443 ;  electrical,  1735 ;  paru 
of.  ib.\  common  cylindrical,  1796; 
Naime's  cylinder,  1737;  common  platr, 
1738 ;  Antt»trong's  hydro-electrical.  1739; 
appendices  to,  1740. 

Machinery,  theory  oC  388. 

Maclear  and  Smith's  drawings  of  HaDey's 
comet,  3105. 

Mftdler,  observations  and  chart  of  moon, 
8489;  observations  of  Venus,  96s8; 
diagrams  of  Venus,  9680 ;  cbaervatiooa  of 
Mars,  8718  (  telescopic  drawings  of 
Jupiter,  8754. 

Magic  lantern.  1800. 

MagneUc  efibcts  of  electricity,  18S8. 

Magnetism,   1618;    equator,   1614;    . 

w. ;  pendulum,  1617 ;  attractloo  and  re- 
pulsion. IflSO;  axis,  1628;  boreal  and 
austral  fluids,  1684 ;  coercive  force,  1637 ; 
subsUnOs,  1629;  Induction,  16i0:  de- 
composition of  fluid.  1635 :  eflbcts  of  heut 
on.  1641 ;  terrestrial,  1610;  meridian, 
1654;  declination  or  variation,  1655; 
variation  of  dip.  1658 ;  lines  of  equal  dip, 
ib. ;  agonic  lines,  1661 ;  Isogonic  lines, 
1663 ;  local  dip.  1664 ;  position  of  magnetic 
poles,  1665;  Intensity  of  terrestrial,  Itiffi; 
isodynamic  lines,  1670 ;  diurnal  variation 
of  needle,  1675 ;  influence  of  aurora 
borealU,  KTH  ;  Voltaic  theory,  1848.90^ 
See  ElectrieHy. 

Magnetisation,  1678;  eflbcts  of  Induetioa, 
ib. ;  method  of  single  touch,  1684 ;  of 
double  touch,  1685 ;  magnetic  saturation, 
1687;  limit  of  magnetic  force.  168Sr; 
effects  of  terrestrial  magnetism  on  bars, 
16M) ;  armatures  or  keepers,  1601 ;  com- 
pound magnets,  1693;  influence  of  heat 
on  magnetic  bars,  1695;  astatic  needle, 
ib 

Magneto-electric  machine,  1961.  See  JStec 
tricitp. 

Magiieu,  natural,  1618 ;  artificial,  1613 ; 
compound,  1640;  with  consequent  notnts. 
1648 ;  best  material,  form,  and  method  of 
producing  artificifll,  1680;  electro- mag- 
neU,  1969.    See  Elertria'ty. 

Magnitude,  8;  linear,  3;  superficial,  4; 
solid,  5  ;  ofrorpuscles  of  blood,  47. 

Malleability,  134 ;  varies  with  temperature. 
135. 

Map  (sUr).  3334. 

Marble,  pulverised,  33 ;  Aulble,4476. 
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Mminer*!  comiMMt,  IfiSl. 

Man,  86M;  mast  of,  9638;  poritUm.  fl69<; 
Mtiod,  «i»5 1  di»tane«.  S0D6 ;  excenlrictty, 
2607;  b«lioceotrlc  and  •ynodic  motions, 
S6U8;  orbtt,  8ei»;  division  of  synodic 
period,  87UU;  apparent  motion,  S701  ; 
stations  and  retrofrcMloa,  S70S;  pluucs, 
870S ;  apparent  and  iptal  diameter,  S704 ; 
volume,  S7(I6;  mass  and  density,  8706; 
super Acial  gravity,  S707:  solar  light  and 
heat,  S7UB;  roution,  SiOD;  days  and 
nights,  8710 1  seasons  and  climates,  8711 ; 
observations  of  Beer  and  Mtdler,  8718 ; 
areographic  character,  871$:  telescopic 
views  or,  8714 ;  areographic  charts  of  the 
two  hemispheres,  /6. ;  polar  s«ow,  1715; 
possible  satellite,  8717. 

Mass,  of  earth,  8378 ;  of  moon,  8481 :  of  sun, 
8538 ;  to  determine  mass,  8633 ;  of  Mercury, 
8639;  of  Venus,  ib. ;  of  Jupiter,  8771  ;  of 
8atum,  8837 ;  of  Uranus,  8888.  See  the 
tOKral  Ptamels,  Plamet9,PtanetoUs,Comets. 

Massalia.    Ste  Ptanetoftis. 

Material*,  strength  of,  587. 

Matting  on  exotics,  iu  use,  1531. 

Mellon!,  thermoscopic  apparatus,  Ii364 ; 
thermo-electric  pile,  8050. 

Melpomene.    See  Plameiotd$. 

Meniscus,  10S8. 

Mercury  {metal),  methods  of  purifying.  715 ; 
preparation  of,  for  thermometer,  1383  ; 
introduction  in  tube,  1396 ;  rate  of  dila- 
tation of.  1338  ;  qualities  which  render  it 
a  convenient  thermoscopic  fluiit,  1342. 

,  (p/kuM"/),  8653 ;  mats  of,  86:>9;  period, 

8653;  heliocentric  and  synodic  motions, 
8654 ;  dittance,  8666  :  orbit.  8658 ;  a|>parent 
motion,  865» ;  apparent  diameter,  8661 ; 
real  diameter,  8668 ;  volume,  8663 ;  mass 
and  density,  866*;  superficial  gravity, 
8666 ;  solar  light  and  heat,  8i>66 .  mouii. 
tains,  8669;  corrected  estimate  of  mass, 
3C84. 

Meridian,  magnetic.  1654. 1659 ;  true.  1654 ; 
terrestrial,  ib.  8358;  celesUal,  8348; 
fixed.  8360 ;  mark,  8401. 

Metals,  compression  of.  94 ;  vibratory.  131 ; 
hardness  and  elasticity  of,  by  combination, 
198 ;  table  of  tenacity  of,  141 ;  wcldable, 
1466 ;  ignition  of,  by  electricity.  18^8 ;  elec- 
tric* conducting  jpower  of,  8(H4 }  new,  8097. 

Metallic  bars,  useful  application  of  dilatation 
and  contraction  of,  1 18. 

Meteorology,  8160;  diurnal  thermometric 
period,  8168 ;  annual,  8163. 

Metis.    See  Planetoids. 

Microscope,  simple,  1803;  compound,  1807. 
8409 ;  folar,  181 1. 

Microscopic  phenomena,  49. 

Micrometer,  8308:  parallel  wire,  8309: 
wire«,  8408 ;  (position),  3305. 

Midnight,  8458. 

Mill-stones,  method  of  forming,  383. 

Mirage,  10()0. 

Mirrors,  silvering,  371. 

Mitscherlich's  electro-chemical  apparatus, 
8061). 

MoUture,  deposit  of,  on  windows,  1576. 

Molecules,  ultimate,  may  be  inferred,  68; 
too  minute  for  observation,  67  ;  indestruc- 
tible, 69 ;  component  of  a  body  not  in  con. 
tact,  74  ;  weight  of  aggrraale  of,  is  weight 
of  body,  868 ;  efll^t  of  cohesion  on  gravity 
of,  863 ;  resultant  of  gravitating  forces  of, 
SZ64;  method  of  determining   resultant. 


Moment,.o|  power,  defined,  409. 

,  of  weifdt,  defined,  409. 

Momentum,  aC  solid  masses,  190 ;  of  liquids, 
191 ;  of  air,  198;  arithmetical  expression 
for  communication  of,  198L 

Month,  mean  temperature  of, 8165;  of  mcao 
temperature,  8IC7  ;  lunar,  848a 

Moon,  S465 :  appearance  of,  whea  rising  or 
setting :  oval  form  of  disk,  8486 ;  distance, 
8466 ;  linear  value  of  1"  on,  8467  :  ap- 
parent and  real  dianpeter,  8468 ;  spparent 
and  real  motion,  S4«:  orbit,  8471;  ap. 
sides.  8478  ;  apogee  and  perigee,  ib, ;  pro- 
gression of  apsides,  ib. ;  nodes,  S473  ; 
rotation,  8474 ;  inclination  of  axis  of  rota. 
Uon,  8475;  hbration  in  latitude,  8476; 
phases,  8479;  synodic  period,  8480;  mass 
and  density,  8481. 88i0 ;  no  air  upon,  8488 ; 
moonlight,  8484;  no  liquids  on,  8485; 
disk,  8488 ;  surface,  8489 ;  plains,  8190  ; 
mountains,  ib. ;  influence  of,  on  weather, 
8tJ93;  other  influences,  9494;  red,  8495; 
tides  and  trade  winds,  9513 ;  comparison 
of  lustre  of  f\ill  moon  with  sun,  3383.  See 
iMttar  tbeorv. 

Moonlight,  8484. 

Morse's  electrictdegraph,  8138. 

Motion,  144  ;  why  reUrded  and  destroyed, 
118 ;  how  aflTbcied  by  force,  144  ;  retolu- 
tion  of.  165 ;  direction  of,  in  curve,  166 ; 
principles  of  composition  and  resolution  of 
force  applicable  to,  170 ;  of  two  in  same 
direction,  resultant  of,  171,  in  opposite, 
178,  in  diflbrent,  173;  composition  and 
resolution  of,  examples  of,  174  ;  of  fithes, 
birds,  &c.,  178 ;  absolute  and  relative,  186 ; 
laws  of,  819;  always  same  quantity  in 
world  explained,  881 ;  of  falling  body  ac- 
celerated. 838 ;  of  falling  body,  analysis 
of,  840;  uniformly  accelerated,  848;  of 
bodies  proiected  upwards  retarded,  854: 
down  inclined  plane,  855;  on  inclined 
plane,  uniformly  accelerated,  856 :  of  pro- 
jectiles, 857 ;  causes  of  irregular,  504 ;  eye 
has  no  perception  of  any  but  angular,  1 174. 
See  5«n,  Moom,  Piartets,  and  the  several 
PianeU. 

Moulds,  for  casting  metal,  1S64;  dectro- 
meUllurgic,  8181. 

Multiplier,  electric-magnetic,  8038. 

Musical  sounds  or  notes.    See  Sound. 


N. 

Nadir,  8341. 

Nairne's  cylinder  electrical  machine,  1737. 

Napoleon's  galvanic  pile,  1890. 

Nebulw.    See  duster. 

Needle,  magnetic,  16S9 ;  dipping,  1668 ;  di- 
urnal variation  of,  1675 ;  influence  of 
aurora  borealis  on,  1677;  Asiatic,  1695. 

Neptune,  8883 :  discovery  of,  ib  ;  researches 
of  Le  Verrler  and  Adams,  8886;  iU 
predicted  and  observed  places  in  near 
proximity,  8889 ;  orbit,  8^0 ;  comparison 
of  I  he  eflW;ts  of  the  real  and  predicted 
plaiieU.  8898 ;  period,  8894 ;  relative  orbits 
of,  and  earth,  8896 ;  apparent  and  real 
diameter,  S897;  satellite.  8898 ;  mass  and 
density,  8899 ;  apparent  magnitude  of 
sun  at,  8900  ;  suspected  ring,  8901.. 

Newton's  laws  of  motion,  819. 

Newtonian  telescope,  1815. 

Nobili's  reometer,  8033;  thermo-elccUlc 
pile,  8050. 
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Nortw,  of  moon,  847;*.  SWl ;  i-wfl""  •!!? 

8m  I>Imi^  OtiMto.  I-twwr  ftwjTf  'f^- 

tmrhMlkms. 
lfMft-cMKhicton,fllwMc,  1711. 

Noon,  9452.  , 

* — ' —  lS8t« 


Nuolctts,  9)62.    aeeCnmeU. 
NMUtioo,  9641.3986. 


CWjmi  » iliw  I  TTi' 

Occultatkm,  2902.  2»50.2D64.  S^Eelipte, 
Dcfloed,  9964,  by  the  mooo.  i»65 ;  loi.gi. 
tttdc  determined  by,  2966 :  iiMiicate«  pre- 
•enoe  or  abMiice  of  atnuMpnere,  2967 ;  <ui- 
gukr  TisibUity  of  «tar  after  commencement 
of,  2908 ;  suff ettcd  applicatian  of  lunar 
occulutions  to  rccolve  double  start,  2969; 
by  Saturn's  rings,  S970. 

Oils,  congelation  of,  1461. 

Optical  instruments,  1 188.  _^ 

OitJt,  theory  of  variable.  3119;  penurta- 
tiooa  and  distiirbing  forces,  3124  (  method 
of  variable  elements,  the  insUntaneous 
elHpse,  3125 ;  orthoffonai  component,  3130 ; 
radial  and  transversal  componenU,  3131 ; 
tangential  and  normal  components,  3138 } 
orthogonal  affbcts  inclination  and  nodes. 
3134;  radial  and  transversal  aflbct  central 
attraction  and  angular  motion,  <fr. ;  tan- 
gential and  normal  afftct  linear  velocity 
and  curvature,  3lS5 ;  positive  and  na- 
tive components,  3136 ;  effects  of  the  radial 
component  of  the  disturbing  force,  3138 ; 
elTecU  of  the  transversal  component  of 
the  disturbing  force.  3153 ;  effWcU  of  the 
orthogonal  component  of  the  disturbing 
foroe.  3158 ;  general  summary  of  eflbcU  of 
a  dliturbiag  force,  3161  See  IfooM,  the 
sevenU  Piattets,  Comets,  Lmmtr  tkeonf, 
PtHurbaUoM,  Start. 

Organisation  of  animalcules.  49. 

Orrery,  electric,  1780.  .  ^. 

Oxygen,  its  agency  in  combustion,  U65. 


Pallas.    See  PUmeloidM,     ^^^^    ^__^ 

Parallax.  2325;  diurnal.  23«6u  9449;  fcert- 

aontAl,9327;  annual,  944«;  ofsUrs,94f6; 

eflkct  oi,  on  echpwJ,  2915 ;  steUar.  3294; 

annual,  32y7.    See  F/ted  Start, 
Parthenope.    See  Ptametoidi. 
Pascal,  experimentum  cru*^  aa  to  the  weight 

of  atmosphere,  713. 
PastoHT.  spots  on  sun,  observatioiu  and 

drawings,  2541.  ^    ^  ^ 

Pencils  of  rays,  convergent  and  divergent, 

90S.    See/.^l.  .      ,.^ 

Pendulum,  279. 51 1 .  651 ;  oompensaUng,  1369; 

Harrison's  gridiron.  1370  ;  tnagnetio,  1617. 
Pentland,  rewarches  as  to  snow-Hne^  9188, 
Penumbra,  2918.    See  Edipte. 
Pepys's  galvanic  pile,  189^^ 
Perigee  of  meon,  9479.  »0S.  3208.  3211  - 

8214.  3217— SWO.    See  Lwtar  tkfonf. 
PeriheUon,  2605;  place  of,  9608;  distance, 

Perijove.    See  Jovian  tj/stem. 


PerM»  synodic, 
Boctial,  !».; 

Ptaaett,  the  teverml  Ptmnett. 
PartwbatiMis(apbcroklal),3879;  rfbtrntrftaff 
fbroos  eonssiiwit  oa  sphcrodal  Ibrma, 
3273;  precawion  of  cquiMncea,  3276: 
eouinoctlal  and  sidereal  year,927«;  pcrkkd 
of  Um  proMisioii,  say ;  its  efltet  upon 
the  Inngitiide  of  celertial  ot#ecla,  MO; 
produces  a  ratatloa  of  Ibo  poteofcqaalor 
round  that  of  acKntIc  3e»l ;  pole  star 
vartoa,  39S3|  Mitatkm,  3986;  equation  at 
the  equlnaxes,  3987  }  proportion  of  *« 
wean  procession  due  to  sua  aad  bmob« 
3288  (  Hkeeflbcts  ea  other  plapala,  3889 ; 
tkidal  inequalities  of  Jovian  sysMas, 
;  of  8atumi«n  system,  3898. 
iriodic  aad  secular.  S18J. 
.'('of  Jovian  systam),  3943, 3144. 


(planetary);  3946;  of  the  terrestrial,  by 
'N- planeta,3946}  aUbetoil  by  ttoapoat. 
of  apsides  and  nodes  In  relation  to  lioe 
of  conjunction,  3910 ;  method  of  dctemin* 
Ing  change  of  direction  of  Uae  of  ooiUin»e. 
tiun  3250 ;  eflteto  of  disturbing  Cone  ia  cases 
of  commensur^ible  periods,  38ftl ,  plaaets 
present  no  case  of  oommensarable  periods, 
3254:    long  incquaUcies,  3935;   long  in. 

Xlity  or  Jupiter  and  Saturn,  3856  ;  its 
t  upon  the  Ba|ar  axis  and  period. 


3258,  upon  the  excentricitles, 
the  direction  of  apsides,  3960 ;  long  in- 
equality of  Veaus,  3961 ;  other  loag  toi* 
equalities,  3282;  king  teequaUties  of  nodes 


aikl  IncUnatioas,  3963 ; 
ties,  3064;  secular  ooastaacy  of  nk^r 
axes,  3965;  secular  variation  ef  apsides, 
3266,  of  excentricity,  3967.  of  nodes, 
3968.  of  the  indtnation,  3969 ;  Laplaee's 
theorems  of  the  relations  between  tha  «x- 
centricitles  and  indinstions  of  pisaetary 
orbits,  3870. 

Petrifaction,  86. 

Fbaatascope,  1156. 

Phases,  of  moon,  2479 :  of  planets,  9591^ 

PlKWphorus,  congelation  ot,  1461. 

Photometry,  902. 

Pile-engine,  529. 

Piles,  galvanic  Sec  Slscfricd^  Thcnao- 
electric,  9l>4a 

Pisa,  leaning  tower  of,983. 

Pistul,  elertric,  lb04. 

Plane,  Inclined,  477. 955. 

,  raiector,  930. 

PUnetoids,  2718;  discovery  of  Cttcs,  7719  ; 
of  Pallas,  9720 ;  Olbers'  hypotbosis  of  a 
fkactured  planet,  9791 ;  discovery  of  Jano^ 
27^ ;  of  Vesta,  2723 ;  of  the  other  planet, 
olds,  2724;  table  of  plaaatolds  discaveeni 
before  1st  January,  1853, 975S;  forca  of  gna. 
vity  on.  979(1. 

Planets,  9559 ;  primary  and  secondary.  •&.; 
planeury  motions,  9561 ;  Infinior  and  sis. 
perior,  2563 ;  periods,  9564  ;  synodic  mo- 
tion.  9565;  geocentric  and  helioasatric 
motions,  2566;  daily  synodic  motkm,  9509$ 
elongation,  9J7I ;  conjunction.  2572 ;  qond. 
rature,  9f>74;  synodic  period.  9575;  superior 
and  inferior  conjunction,  9fiC6 ;  apparent 
motion  of  inferior  plane^  957B.  9580;  dinsct 
and  retrograde  motion,  SSWi  origin  of 
term,  9581 ;  aiiparent  motion  of  superior 
planet,  9589.  MM:  direct  and  rctragrada 
motion,  2583 ;  visible  in  absfcaoe  of  mn. 


9585 ;  evening  and  morning  star, 
to  find  periodic  time,  9588;   '     ' 


to  and  the 
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distance  tkom  mum,  2960 1  pbatM,  85M; 
•UracUoiM,  2597 ;  otMu,  20M ;  perikdion, 
•pheHon,  mean  dUtanoe,  261)6 ;  vaaior  and 
minor  axM  and  exoemridty,  2606;  aptidet, 
anomaly.  2607 ;  place  of  perihelion,  2606 ; 
longitude  of  perihelion,  ik,  \  hannonic 
law,  2690 ;  Kepler't  laws,  268S ;  Inclination 
of  orbits,  nodes,  2624:  aodlac,  2686; 
methods  of  determining  distance  traai  sun, 
i'6/7,  to  determine  real  diameters  and 
votuntes,  2692,  to  determine  masses,  2&I3, 
of  Mars,  26S8,  of  Venus  and  Mercury, 
sai39,  of  the  moon.  9640,  to  determine 
the  densities.  2646,  to  determine  super- 
ficial gravity,  2647 ;  classiAcation  In  groups, 
1:650;  terre»trlal.  ib.  \  planetoids,  2651  ; 
m»iQTt  2652  i  Mercury,  2653 ;  method  of 
ascertaining  diurnal  rotation,  2f67 ;  data 
which  determine  the  magnitude,  form,  and 
IKMition  of  the  planetary  orbits.  2971  ;  data 
to  determine  the  place  of  the  planet,  2982 ; 
sidereal  period,  2964;  roulnootial  period, 
ib.  I  extreme  and  mean  distances  flrom  sun 
and  earti),  £965 ;  perihelion  and  aphelion 
disUnces,  2966;  conditions  afftecting  the 
physical  and  mechanical  state  of,  inde* 
pendently  of  iU  orbit,  29(f7  i  disUnoes 
nrom  the  sun  and  earth  in  millions  of 
miles,  2968 ;  surfaces  and  volumes,  2969 ; 
maMes,  2990 ;  densities.  2991  ;  intensity 
of  solar  light  and  heat,  2994 ;  superflcial 
gravitjr,  2995;  orbital  velocities,  2996; 
superilcial  velocity  of  rotation,  2997 ;  solar 
graviUtion,  2998.  See  Solar  tpsiem, 
SatfUUet,  PerturbatioHS,  Eartk, 

Platinum  rendered  incandescent,  1502. 

Phimb.Iine,  VS7. 

Pohl's  reotrope,  1912. 

Points,  cardinal,  2S4S ;  equinoctial,  2430. 

point,  working,  defined,  390 ;  ttandard.  in 
thermometer,  1^28 ;  ft-eesing,  1392;  boiling, 
tb.  1504,  of  fusion,  1448;  of  congelation, 
1456 ;  consequent,  1648.  196< ;  electric 
conductors  with,  1777  ;  electro-magnetic, 
1962. 

Pointers,  S3a^ 

Polarisation,  heat,  15?0 ;  light,  1266. 

Polariscoiies,  1268. 

Polar  regions,  2177 ;  cold  of.  2212: 

Pole-sUr,  233a 

Poles,  magnetic.  1614.  1656;  position  of 
magnetic,  1665;  (electric),  positive  and 
negative,  1853 :  of  galvanic  pole,  1903. 

of  earth,  935H ;  galactic,  33(li), 

Fores,  defined,  75 ;  proportion  of,  to  mass, 
determines  density,  76 ;  differ  (Vom  cells, 
79;  sometimes  occupied  by  more  subtle 
matter,  80 ;  tlie  densest  subsunces  have, 
84 ;  of  bodies,  region  of  molecular  forces. 
S4a 

Porosity  and  density  correlative  terms,  77 : 
examples  of.  81  ;  of  wood,  82 ;  of  mineral 
substances,  87 ;  of  mineral  strata.  88. 

Pbwer,  moving,  defined,  389 ;  when  it  more 
than  equilibrates  accelerated  motion  en. 
sues,40K;  when  too  small  to  eouilibrate 
motion  retarded,  405 ;  moment  of,  defined, 
4091 

Powers,  mechanic,  dassificatton  of,  424. 

Pptassiura,  SU97. 

Poulllet's,  modification  of  Daniel's  battery, 
1868 ;  apparatus  to  exhibit  efl^cU  of  earth's 
magnetism,  1991;  thermo-elecUic  appa- 
ratus,  20*2.  ^^ 

Procession  of  the  equinoxes,  3275.  See 
Spheroidal  perturbatfons. 


Pressure,  1575.  1402. 138S.  138&  1488.  See 
yaporhait'on. 

Prime  vertical.  2S48. 

Prism,  1U04.    SfUgkl 

Prismatic  spectrum,  fQ5&    See  Lfgbi, 

ProjecUle,  257;  shot  horisontally,  258 1 
moves  in  paraboDc  curves,  260;  conclu- 
sions as  to,  modified  by  resUtanoe  of  air, 
961. 

Projection,  oblique,  259. 

Proof-plane.  1770. 

Props  or  points,  efl'bcts  of.  In  machinery,  997. 

Ptolemaic  system,  2444. 

Pulley,  461. 

Pugilism,  collision  in,  211. 

Pump,  rope,  373 :  air.  743 ;  UltinK.  746 :  sue* 
tion,749;  forcing,  750. 

Pyramid,  subility  of.  281. 

Pyramids,  remarkable  circumstance  con- 
nected with,  3284. 

Pyrometer,  1312.  1350 ;  graduation  of,  1351. 

Pysche.    See  Planetoids, 


Quadrature,  2574 ;  line  of,  3188.  See  Lunar 
theory. 

Quetclet,  observations  on  atmospheric  elec- 
tricity, 2262.  ^ 


R. 

Radiation,  1S14.  15^ ;  rate  of,  1554 ;  Inten. 
sity  of,  1555;  influence  of  surfiace  on, 
1556 ;  radiating  powers,  1559. 

Railway  carriage,  object  let  fall  flrom,  182  ; 
trains,  colli<ion  of,  210. 

Rain,  2252 ;  sauge,  2253 ;  quantity  of.  2254. 

Rays,  diverging  and  converging,  90S.  See 
Light.    Solar,  2553. 

Reaction  and  action,  205. 233 ;  how  modified 
by  elasticity,  213. 

Reaumer's  scale,  133a 

Red-hot,  1310. 

Reflection,  217.  9(6 ;  and  incidence,  217 ; 
laws  of,  explained,  1224. 

(heatj,  1316.  1553.  1572;  lefiecUng 

powers,  15^:9.    See  Light.  Heat. 

Reflector,  941,  942.    See  LfgA/. 

Retraction  (heat),  1317.  15/0;  (light),  S78; 
Index  of,  980 ;  focus  of,  1026 ;  laws  of,  ex- 
plained, 1224  ;  double,  1242 ;  laws  of  dou- 
ble, 1249;  of  thermal  rays.  1549. 

Regnault's  tables  of  specific  heat,  143a 

Regulator,  509 ;  general  principle  of  action 
of,  ib.\  governor,  510;  pendulum,  511; 
balance-wheel,  ib, :  water,  512 ;  fusee, 
513;  fly-wheel,  516;  electro-magnetic, 
197a 

Reomcter,  2030 ;  diflbrential,  2034. 

Reoficope,  2050. 

Reotrope,  P<ihrs,  1912. 

Repulsion,  354 ;  mutual,  of  atoms  of  gas. 
360 ;  mutiuil,  ascribed  to  action  of  heat, 
3i^\  between  solids  and  liquids,  372; 
magnetic  1619 ;  electric,  1696. 

Resolution,  of  forces,  154;  of  motion,  165 1 
examples  of,  174. 

Resultant,  of  forces  In  same  direction,  148 ; 
of  oppositr  (brces,  149;  and  component 
correlative,  150 ;  of  forces  in  different  di- 
rections, 151 :  and  component  interchange- 
able, 153 ;  or  any  number  of  forces  In  any 
directions,  155;  of  parallel  forces,  167; 
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.  coiMitfap  wader  vliicli  two  ftire#«  admit « 
•Ingte,  145 }  of  ttie  mottoni  In  Mine  dine 
tlon,  171.  la  oppocito,  179,  in  lUflbrent. 
Vii  of  ffrarlutiac  lbrc«  of  moiMiOm, 
««♦. 

lUtlna,  vm.    See  £W. 

Rllt«r'»  »«oondary  fptTvaok  nOot,  ISOO. 
Itod,  diffsharflnit,  Im 
'RoniM*!  cxperinMDU  on  atnKMpherlc  «!«• 
trtdty.SaM. 

Roof^.  metallic,  I3fl6. 

Utmu  (earl  of),  obMrvaCiont  oT  »oon,  94Bft  \ 
ob«enralkmt  and  drawing*  of  cl4Mtf>r»  and 
nebul*.  Xm  t  teleMXtfw.  :i.%6,  SSiH. 

Rotation.  See  PtmmU,  Mm$^  tlie  $e9erml 
PtmmtU. 

KUMvU't  chart  of 


tlM  HUflllHesttbSi  MMOM,  OMIli  ecllfMa 
of  MtoMlt«  not  ohwrvaMa^  SMD ;  ocrul. 
tatiOQ  bj  rings,  «970(  kMK  inequality. 
92501  Sfe,hfai  mimu  tifiutmy  nmneu,  frr' 
Imhmikm. 


8L  Peter**  at  Rome»  singular  optical  Illusion 
produced  in.  117^. 

Sateliiles.  to  determine  mawet  of.  £615 ;  U- 
bulated  elemenU  of.  9*XIS.  bee  Earthy 
JttpHtr,  Saturn^  Ptaneti. 

Saturn, '978') ;  Satumian  system.  A;  pe- 
riod. 2781  ;  hclicomtric  motion.  27IR ; 
ajnodie  motion,  S7h3;  dlMance.  S784; 
annual  parallax,  2786;  orbital  motioo. 
S787;  dirision  of  synodic  period,  S788 ;  no 
phases.  S789 ;  stations  ana  retrogressions, 
2791 ;  apparent  and  real  diameter.  S792  : 
surface  and  volume.  ST»3.  SR34 ;  diurnal 
roUUen,  S71H ;  inclination  of  axis  to  orbit. 
S795  \  days  and  nights,  years,  2796 ;  belu 
and  atmosphere,  2797;  solar  light  and 
beat,  9796 ;  rings,  2799 ;  position  of  nodes 
or  ring  and  inclination  to  ecliptic,  2800 ; 
otiliquity  of  ring  to  planet's  orbit,  S801  ; 
phaMs  of  ring,  2802 ;  apparent  and  real 
dimensinns  or  rings.  281)3;  thickness  of 
rings,  2804 ;  illumination  oT  ring,  helio- 
centric phases.  28()& ;  shadow  oT  pUnet  on 
rings,  2806 ;  Schmidt's  obserrations  and 
drawing*.  2810;  HerschePs  obsenrations, 
2811 ;  supposed  multiplicity  of  rings,  2812 ; 
ring  probably  triple :  observations  of 
Laweli  and  Dawes.  8813 :  researches  of 
Bessei.  2814;  obscure  rings.  2SUj;  draw- 
ing of.  and  of  rings  in  1856,  V8I6 ;  mass  of 
rings.  8817 ;  sUbility  of  rings.  2818  :  rota- 
tion of  rings,  2820:  excentricity  of  rings, 
2821;  satellites,  2823,  their  discovery. 
2825.  their  distances  andperiods,  8ffiM; 
harmonic  law  observed.  2A27  ;  elcmgations 
and  relative  distances,  8828;  phases  and 
aptieaianoes  of  satellites.  2829;  magni- 
tudes, 2S3n;  their  horisontal  jMrallax, 
2832  {  relation  between  periods,  2H35;  ro- 
tation  on  their  axes.  2836;  mass  of  Saturn, 
8837 ;  densitv,  8838 ;  superficial  gravity, 
8839 ;  centriAigal  force  at  equator.  8840 ; 
variation  of  gravity  IVom  equator  to  pole, 
8841 ;  errors  as  lo  uranograt*hy  of,  8842 ; 
views  of  Sir  J.  Merschel,  8843;  theory  of 
Midler,  2S44;  Lardner's  corrections  of 
preceding  views,  9845;  phenomena  «b- 
aerved  Arom  surface  of  Saturn,  ih. ;  solar 
eclipses  at  Saturn's  equator,  8847;  eclipses 

.  of  satellites,  8848;  phenomena  at  other 
Satumian  latitudes,  8849 ;  appearances  of 
sings  at  various  latitudes,  8854,  ei  srf . ; 

-  oocoltatloas  of  celestial  obJecU  by  rings, 
8899  (  aoae  visible  between  rings,  8860; 

,   aobir  eoUpsw  bj  rings.  8808^  «ctip*«  of 


of.  «il9.    See 

PrrtmrktUiomM. 
Saassure's  hfaiuswetar,  19^. 
Savait's  roodMcation  of  theory  «f  cooAtacted 

veia,6BB. 
Scale,  tbermoaMtrie.  1327;  centigrade,  1185; 

l.i«. 


tee.  physical,  a  series  «f  anprwKiaatMli 
to  truth.  393. 

SehtinbeHi's  asodiflcation  of  Bnasen's  bat* 
tery.  1874 ;  experiments  on  the  passivity 
of  iron,  2098. 

Schmidt's  observations  and  drawings  of  Sa- 
turn. 88ia 

Sclerotica,  1085.    See  E^e, 

Screw,  4e^ 

.Screw-press,  596. 

Seas,  thc4'mal  condition  of;  8197 ;  depth  o. 
poUr,22ll. 

Seasons,  24:fi.    See  the  teweral  PlameU. 

Sensation  of  beat.  1606. 

Seesaw,  electric.  1798. 

Shot-manufteture,  ;i57. 

Sights,  use  of,  2301. 

Siac,40. 

Simple  volUic  combiaatlans,  1848. 

Siphon,  7.'i3, 

Sirene,  H56. 

Sledge-hammer,  523. 

Smealon's  pulley,  474. 

Sraee's  galvanic  baUery,  1S70. 

Smith  and  Maclear's  drawings  of  HaDey^ 
comet.  3105. 

Snow.  2225;  perpetual  Une  of,  1424.  81 85, 
et  sea. ;  effV^t  of,  on  soil,  1  *»30  ;  table  of 
heighU  of;  2187;  HurobrMts  and  Pent- 
land's  researches  as  to.  2188. 

Soap-bubble,  thinness  of,  41 

Sodium,  9087. 

So:ar  heat    See  Plamrtt^  Stm, 

light,  1544.     See  Pinnets. 

system,  2983.  S555;  difllcnUies  pre- 
sented by,  2536 ;  arrangement  of  bodies 
composing,  2558;  nianels  2.i«59;  tabular 
synopsis  of,  ^1 :  planetary  data.  ih. 

Solders,  elftct  of,  S7a 

Sotidihcation,  1308.  1431 ;  of  ga<es,  1501. 

Solids,  elastidty  of,  103  ;  example*  of  elasti- 
city of,  104 ;  momentum  of,  190 ;  dilata- 
tion of,  1355 ;  contraction  of,  1385. 

Solstioe,  2433. 

Sonometer,  abdication  of  etectro-amgaetie 
machine  as  a,  1974. 

Sound,  820. 

Spcaliing-trumpet.  885. 

Siieciftclieat,  1406;  relation  oC  to  deadty; 
1417. 

Spectacles,  ll8a 

Spectra,  octilar,  116a 

Spectrum,  prismatic,  1058.    SeeLtel/. 

Sphere,  celestial,  2847. 

Spiders'  web,  fineness  of,  53 

Springs,  temperature  of,  2196L 

Stability,  of  body,  conditions.  980;  nf  py^ 
ramid,  281 ;  of  loaded  vehicle,  9tt5;  of  a 
«able,  886 ;  af  body  supported  on  savenl 
fleet.  2H7. 

3tars  (dxed),  8894 1;  annual  narallax,  para- 
lactic  ellipse.  3897 ;  distance  Inferred  f^eas 
paraltsx,  33fH);  Professor  Hendersaa'b 
discovery   of.pacaUax    of  m    Ceaiaprt 
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UiiMlidlom  theory  Of.  7».  ,  ^  ^. 

Unit,  tlMrmoiDetrtc  ISM;  thmnal,  MM. 

UrMMmphy  of  Satuni,  MWaltinff  wron  m 
to,9m.    9e9 Smtmrm,  Lt^dner, 

Ui^nut.  9B& ;  dUcorcry,  A.  i  p«*od.  Sflfl6 ; 
heliooentrle  moCkmi,  8868 1  lynodlc  wo- 
tion,  8869;  dlMMicc,  8870;  nttit,  8871; 
•inamit  and  real  diameter,  8974 ;  »urlhrc 
and  Tolume,  S875 ;  diurnal  roUUon  and 
phytlcal  character  of  Mirfkce,  8876 ;  wUr 
lichl  and  heat,  8877 ;  Mi^pected  ring*.  fflW ; 
Mteintea,  88T9 ;  Indlnalkm  of  oAllt,  8880, 
their  notkm  and  phaw*.  88S1 ;  inaM  and 
deiMlty  of  Uranoc  8882 ;  unexplained  dta- 
-  tuiHancee  In  motion,  88S4  ;  renurkAle 
anticipation  of  the  ditcovrry  of,  3057.  See 
Uramtmtsi^stem,  Planet*.  ^^ 
Uranian  system,  element*  of,  8999. 

V. 

Vaporiaalioo.  1309.  1485.  ^       ^ 

^  apour,  1485 :  apparatus  for  otoerrlnff  pro. 
pertie*  of.  1486 ;  eUutic,  transparent,  and 
Invisible.  1487  ;  how  pressure  of,  indicated 
and  measured.  1488;  reUtion  bitwcen 
presMire,.  temperature,  and  density.  1491 ; 
mechanical  force  of,  1404;  dilatable  by 
heat,  1416 ;  propertiee  of  super- healecf. 
1496 ;  cannot  be  reduced  to  liquid  by  mere 
comprcsskm,  1497 ;  compression  of,  14M9 ; 
latent  heat  o(,  1509  ;  atmospheric,  83S1  ; 
method  of  determining  density  and  pret- 
sure  of  atmospheric,  8841 ;  UUe  of  pres- 
sures and  densities  of,  8848. 

Variation.  1655 ;  diurnal,  of  needle,  1675. 

Vena  cootracta.  €85 ;  two-thirds  of  orifice, 
688. 

Ventilation  of  hullilinjrs,  1S85.  

Vepus,  8670;  mast  of,  S63y;  period,  8670; 
heliocentric  and  synodic  motions,  8671 ; 
dittam-e,  8678 ;  orbit,  8h-75 ;  apparent  mo- 
tion,  8676;  stations  and  retrogression, 
8677 ;  morning  and  evening  star,  9679 ; 
•imrent  diameter,  8680;  real  diameter, 
9WS;  mass  and  density,  8683 ;  superflcial 
gravity.  8684 ;  solar  light  «««>  heat,  8Mp  i 

.  roUtion,  probable  mountains,  8686 ;  obser- 
vaUons  of  Cassini,  Hewchel,  andSchroler 
26N7,  of  Beer  and  Madler,  8688;  Beer  an<i 
MiuUer's  diagrams,  2fi89  ;  observations  oi 
De  Vlco,  8690  ;  amis  of  rotation,  8691 
twilight,  2698 ;  form,  saspected  satellite 
8893 ;  long  Inequality  of,  3856. 

Vernier.  1354. 

Vertical  (prime),  8348 

Ve«<eU,  sailing,  effect  of  wind  on,  179, 

Vesta.    See  Planetoids. 

Vibratory  meuls,  131.  ^^^.^ 

Vico  (Ue),  observations  of  Venus,  8G9a 

Victoria.    See  Planettmts. 

Vis  ineniiB,  a  term  fertile  of  errors.  116. 

Vision.  1099.    .See^^. 

Vitreous  humour,  liMQ.    SeeEffe. 

Voice,  organs  of,  described,  887. 

Voltaic  batteries.  1876.    See  Kleetrta'lp. 

currents.  lUOl.  «,    .  .  .^ 

electricity,  1848.    See  Klectneity. 

Volta's    first  galvsnic   comWiiatlon,  1850 
•      ofth      ■■     "^^ 


Invention  of  the  pile,  1876. 
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.8181;  of 
real,  SfiSe.  See 
nets,  PlmMtoMs, 


IDS.  1517. 
liquid  Most  fio, 
ire,  and  deniity 
rapoor  produera 
,  1493;  mechaai- 
M;  temperature, 
rapour  iit  corre* 
irescnres,  sfr ;  U- 
i09;  acoodnctor 
[wsition  of.  *J057 ; 
ateatMBSofcom. 
;  coomrembility 
for  raidag,  747. 

aUom.. 

ed  planea.   486; 

lappUable.  4»«7; 

r  percussion,  488  ; 

sctkal  examples, 

sng  loakrumenta, 

.491. 

Mial  to  qwantities 

tWe^Jt^ct  Its 

3B1  %  moment  of, 

1489;   of  aartb. 


»1871. 


icentriAigal  force, 


dlivg 


176. 


ed  In  embroldcty. 

nie  comMnatioa, 
ery,  8136. 
porosity  of,  88; 

^  motion  in,  ex- 


»f.81G6i  equinoe- 


388. 

M^.eS45. 
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UNIFORM    TEXT    BOOKS. 


—  i-yii 


Dr.  (lOlalsljf  oil  Disrasrs  of  t|)c  Ijfail  anb  ^mp, 

Thkir  Symptoms  and  Treatment.      \2s.  ChI.  cloth. 

Tmk  fir-t  j.;irt  ol  tlii^  w  .rk  <»  iU-voumI  to  ihe  «lc>cription  of  tlie  various  niethcKii 
ot  ^n\^,^.ll  I);i/nu«>  (  Aii«''ilt:iti«-n,  I'lrcussion,  Meiisunuion,  etc.),  in  tlitir 
jtppli.  Mti,  ti  i.»  iIm'  I.uhL'>,  iloiiii.  ii»i>i  x'ri'Ht  Vr.>M'U.  lu  ihc  »tcoii<i  pan,  the 
vaiimi*  «ii^'  axs  ut  tin-  I  uul'^,  IK-nrt,  anW  great  Ve.»>sels  aro  cousitlcrcti,  iu  reirard 
otMiiipioiM'..  jiliy-iiiil  rii;,Mi>.  :iii(l  ircaiMK'iit.  An  atic'ini>t  i«  iicre  made  to  place 
Ix-lor-  (lie  !.»i-i.  Ill  ami  prjK'tiiioncr  .-urii  an  lui-ouut  of  each  (ii.Hfasc  (eorrofH>nU«^-i 
h\  ft!  •n.'iM-r  to  c:i>««h)  a.s  will  (Miaiilc  \\\v\u  !iut:>fartorily  lo  vt-rify  its  oxi&ience  at 
till'  |.i<|.M  ic.  aii'l  l'iikU'  tlitiii  to  its  jirop.-r  inanau't^imMit.  The  autlior's  «irsifn 
l..-,„^r  i„  ,„.  : 
hc.inii','  oM  til 
.lU-..,.  >,  In-  I. 
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li  rati    rtmipavs,  all    really   essential    farts 
tm  irtaiimnt  of  j»ulinunary  auU  cardiac 
I    iiill\  ovcliilt  il  ;(ll  otln:r  matters  from  hja  pages. 
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Dr.  ,^\irhfs's  liaub- Jiooh  of  |)lji)siolo5i|. 

With  Ii.r.isTKATioNS  on  Stkkl  and  Wood.      12s.  6</.  cloth. 
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theMM.J. 
iue»iii';ii 
a<liuine(l  pniuipk" 
p;i:''l  HI  llie  .stu<lv 
Iii;i\  iiio>l  a<t\;ni!:i'. 
puinL'  for  ••v:imMi:i 


•  .iriiiii-jt  il  on  a  plan  j'T 
ilic  .u.irx-  of  lecture'* 
Kiojs  ol  iiiciiifiiie. 


auihor.  in  the  preparation  ai  thin  work,  lias  h"eu  lo  utTord  lo 
it.|o<:y  the  iJtnio.-t  facility  iii  the  pur.'Juit  of  that  branch  of  U'lA 
It  eoiMjiielKinlj;  audi  ail  aceouiii  of  the  facts  and  ijeucrBlly 
I  of  ph\.'iolo^y  .u  uiay  he  c(  i)\euieiiily  con»uitcd  hy  ihocio  en- 
of  the  sfieiiee;  hut  more  ejcpt-eially,  such  a  oue  as  the  .Hiudeni 
;<-ou>ly  use  diirinp  liis  atti'ihlanee  upon  lectures,  and  in  prc- 
tion-.  Vor  the  coii\enience  of  stuiients,  the  various  subjects 
•ly  corrc^-pontliiij;  with  that  in  which  ihey  are  lauijht 
n    physiolo^jy  d»livereil  in  the  principal   metropolitan 


'|lrofrssor  (tllis's  Jnuoirstrations  of  |^natonm. 

125.  6(/.  cloth. 

TliK  auth(»r  has  made  this  work  a  .«y.>-tcm  of  (ii.sscctions  of  the  whole  body  in 
j)arts  or  r<  L"ons,  in  ordir  that  the  knowledj:^e  obtained  hy  its  u.se  may  be  piractical 
rather  than  verbal.  For  the  jmrpo.^e  of  carrying:  out  tlie  plan  proposed,  he  has 
dividi  d  til-'  hook  into  chapters  and  sections,  ami  has  included  in  each  the  dis- 
seciioii  of  oiu;  ;:real  di\i>ion  of  the  luxly,  such  as  a  limb,  the  thorax,  ihe  abdomen, 
the  load  and  neck,  etc.  etc. 

'J  he  anatomical  description  ha.s  been  made  topographical,  so  to  say,  in  accordance 
with  the  i*ciuliar  plan  of  the  work;  for  only  so  much  of  a  nosscI,  nerve,  or  muscle, 
is  descnljod,  as  may  he  laid  bare  by  th©  dissection,  in  order  tb.at  the  student  may 
not  he  perplexed  by  a  reference  to  (dejects  that  arc  not  fceen. 
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UNIFORM    TEXT    BOOKS. 


(5[Jiim;il  Cftturrs  on  iHiscasrs  of  tijc  llfttuin. 

deliveui:d  in  univeuSIty  coi.lkgk  iio^pitai.. 
By  Richakd  Quain,  F.R.S. 

Prof«fior  of  Clinical  Surg(  ry  in  L'nivtrsity  Colli'g* ,  and  Surgeon  lo  Unlrersity  College 

Hospital. 

With   Additions  and  Notes. 


ll|)i)sit;il  diagnosis  of  lliscasrs  of  tjic  ^bbomni. 

Hy     EdWAIU)    irALLARI),    M.O.. 

I-ate  Mcdicnl  Tutor  in  I'niversity  (-"olle.e,  London. 

Is.    Gd.    difth. 
"Tins    uork    is   a    valuuMt-   ;KMi(i<in   to   tin-    iitcraturi'    of   the    prolVssion."  — 

M,,l.rnl    Tiuns. 

»*  rin'  |ir.>lif,>ion  i^  much  iiKlthlrtl  to  Dr.  IVillanl  lor  this  UMjtrtKndini;  lilllc 
voluuif,  which  wv  \\v\  ciitaiii,  if  iNircfully  stii(lii.'il,  will  .'i(«i)iiij)|'j,h  ii>  dhj^ct  of 
ri.ni<>\iij;.'  iimnv  ol  thu  iliniiultics  j^unouiuliii^j  the  >li.i;:m>.-is  o?'  al'.lniniuiil 
aii.'UMs."— A«/".K-./. 

lie  ii.ifi  >ujij>littl  a  lict'cifucy  which  has  hcin  for  5.01110  liiiif  appaivnt,  iiml  wo 


have  liltle  douht  that  tin 
the  hul 
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iltle  (loultt  that  tlie  volume  evci.tunlly  will  he  ihe  .-taiHlanl  authority  ti} 
jell  of  wiiich  it  treats." — JJiihlin  Medical  Press. 

ir.  C)rf(|ori)'s  Ijaub-Wiooh  of  (iDrganit  Cljfinlstrir. 

Bking  a  Nkw  and  gkkatlv  Kni.argkd  Edition  of  tiii:  •M)i:rLiNES 

OF  OuGANK;  CHEMIHTKY  FOK  THK  LbE  OF  Si  i:i>I..MS."  9*.  0^/.  clot/l. 
TlIK  Auiiior  has  .nilcavouroi  to  rentier  ilii.s  work  a  l..iili!iil  rc<'oni,  hriehn  inilivi- 
<iual  •It-tails,  hut  full  wlnre  jirineijiles  art- coiieeriiejl,  «»f  the  a«'tual  Mate  ol  Organic 
("iiemi.-lry  lowanl.H  the  eml  of  iSf)!.  lie  has  souj^'ht  .».o  to  Heat  the  vanou>  pointH 
ul"  ehemiral  «loi-trine  that  the  ►tuiieiit  .'hall  not  only  Hn«l  in  it  the  actual  know- 
leU),'eof  the  lime,  l>ui  that  all  new  iliscoseries  shall  naturally  fall  into  their  places, 
iniinv  suih  heini:,  in  fail,  aniicipatcti  as  certain  to  fo|](»w. 

The  Wuik  opens  with  a  <ii.>^>rriation  on  the  theory  of  comp«  iml  railical.>,  tlio 
ihror\  of  organic  t\pe>,  ai.il  iloctriiie  ut  suh.^iiluiion,  ami  on  the  met.iinorphosis 
of  ortr-iuie  compouml^  liy  vanou?  a;^'ellt^:  then  follows  an  aeccHjiit  of  the  proper- 
ties ami  im»<les  of  juepani.i.'  particular  oru'anic  compouii(l>.  A  summarv  of  tho 
Author'j  Leriure.^  on  PhysioloL'ical  Chemistry,  anil  a  verv  full  indev.  conclmle  the 
v«i|unn-.      Tahular  View>,a.«.  a  mean>  of  illustration,  have  hcen  lar;;elv  emplo\e<l. 

Ir.  irrgorir's  fjan^-gooliof  Jiiorganic  CljciiiistrtT. 

Bemvg  a  Nkw  ani>  Enlakged  Edition  of  the  "■  Oitlines  of  Inorg.vnic 
clie.mistky  fok  the  use  of  students." 

*' This  is  heyoml  comparison  the  hist  introduction  to  Chemistry  which  has  vet 
appcareil.  The  ilireclions  lor  prepariny  suhstaiices  are  usually  confineil  to  tin;  l.e.'^f 
method,  so  that  hrevity  ami  sek<'lnes8  are  comhineiL  The  size  and  price  of  this 
litile  work,  a.>  well  as  in  intricate  meri%>,  commend  it  to  every  student  of  Chemi»- 

trv.'* — l.'t  „i;i. 
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